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Flow rate measurements in the entrance to Lake Illaw-
arra indicated a mean tidal volume o f ~ 0.8% of the volume
7 3of the lake, which was estimated to be 6.2 x 10 iti . The 
tidal volume was estimated indepe>v?(ê4'l\j from the rate of 
change of mean salinity in the lake.
Ten monitoring stations were established where salin­
ity and temperature were measured every three weeks and 
nutrient concentrations every three months over a two year 
period. Salinity measurements confirmed the limited tidal 
penetration and established a time of 2-4 weeks for vertic­
al mixing by wind inducing wave action. There was little 
thermal stratification, but a strong correlation (2.5%) 
between water temperature and distance from the Tallawarra 
power station. Lake water temperature followed mean daily 
air temperature very closely and was not measurably affected 
by the entry of seawater. An analytical heat budget was 
determined in order to rank the various heat sources and 
sinks.
Phosphorus and nitrate concentrations were measured 
and correlated with nutrient sources and the incidence of 
eutrophication in the lake.
Sediment cores were taken from seven points on the 
lake and vertical concentration profiles for zinc, cadmium, 
copper and lead were determined. Metal concentrations in 
sediments from Griffins Bay were very much higher than 
background levels and lead and zinc enrichment was detected
(iv)
in some organisms from this area. Correlation of 
increases in metal concentrations with historical data 
has yielded a sedimentation rate of^3mm/year.
A novel titration apparatus has been developed for 
titration of dissolved oxygen with Fe(II) in alkaline 
solution (Miller method). By eliminating errors assoc­
iated with entry of atmospheric oxygen, it was possible 
to establish the optimum pH, reagent concentrations etc. 
and so eliminate previously unsuspected sources of error. 
The technique gives a precision comparable with the 
Winkler method, is much simpler and more rapid, and is





1. Geological and geographical outline
of Lake Illawarra 2
2. Previous studies on Lake Illawarra 6
3. Aims of the present study 9
RESULTS AND DISCUSSION H
1. Hydrology of Lake Illawarra 12
1.1 Calculation of water volume 12
1.2 Establishment of monitoring
stations 13
1.3 Estimation of flushing rate 15
(1) without mixing 15
(2) with mixing 17
(3) effect of entry of fresh
water 21
2. Monitoring of selected parameters for
Lake Illawarra . 25




(a) Related studies of phos­
P A G E






(b) Spéciation and analysis of
phosphorus in natural waters 31
(c) Phosphorus concentrations in 
Lake Illawarra 34
(3) Nitrogen ' 46
(a) Spéciation and sources of 
nitrogen 47
(b) Nitrogen concentrations 
in similar lakes 5 3
(c) Nitrate nitrogen concent- . 
rations in Lake Illawarra 54
2.2 Salinity 65
(1) Objectives of salinity monit-
oring 65
(2) Ecological effects of salinity 65
(3) Salinity and its measurement 68
(4) Related studies of salinity in
coastal lagoons 71
(5) Seasonal fluctuation of
salinity in Lake Illawarra 72
(6) Overall means at each sampling
station 85
(7) Relationship between salinity
and depth 92




(1) Objectives of temperature
monitoring 104
(2) General trend 104
(3) Standard deviation of mean
temperature 110
(4) Mean temperature and surface/
bottom ratio 113
(5) Mean temperature vs. depth 116
(6) Mean temperature vs. rainfall
and windspeed 116
(7) Air and lake water temper­
atures 121
(8) Mean temperature at each 
station vs. distance from
heat sources 124
(9) Mean temperatures (excluding 
station 6) vs. distance from
heat sources 126
(10) Analytical heat budget 130
(a) Introduction 130
(b) Collection of temperature
and meteorological data 132
(c) Calculation of terms in
heat budget 132
(d) Results and discussion 146
(viii)
2.4 Turbidity
3. Heavy metals and sedimentation in Lake 
Illawarra
3.1 Introduction
(a) Reasons for measurement of 
sediment heavy metal content
(b) Toxicity of heavy metals
3.2 Sources of heavy metals
3.3 Historical development of metal 
smelting in the Wollongong 
district
3.4 Sedimentation mechanisms of heavy
. metals
3.5 Heavy metal concentrations in 
sediments of Lake Illawarra
(a) Areal distribution




3.8 Heavy metal content of some organisms
3.9 Conclusion
4. An evaluation of the Miller method for D.O. 
analysis
4.1 Introduction





















4.3 Concentration of sodium hydroxide
and sodium potassium tartrate 231
4.4 Salinity of water samples 236
4.5 Stability and optimum pH of
ferrous titrant 239
4 .6 Ratio of sodium hydroxide to
sodium potassium tartrate 239
4.7 Indicator 242
4.8 Treatment of experimental data 244
EXPERIMENTAL 249
1. General 250
2. Sampling locations 250
(a) Water samples 250
(b) Mud samples 250
3. Sample collection 252
(a) Water samples 252
(b) Mud samples 252
4. Measurement of water temperature 255
5. Measurement of salinity 255
6. Determination of phosphorus 255
(a) Reagents 256
(b) Procedure for determination of
phosphate phosphorus 256




P A G E
7. Determination of nitrate nitrogen 257
(a) Reagents 258
(b) Procedure 258
8. Determination of heavy metals in mud
samples 260
(a) Preparation of mud samples 262
(b) Measurement of ignition loss 262
(c) Extraction of metals from mud
samples 262
(d) Measurement of particle size 263
9. Determination of heavy metals in some
organisms 263










1. Geological and geographical outline of Lake
Illawarra.
Lake Illawarra, Latitude 34° 30's. Longitude 150°
50 ' , is located at the southern end of Wollongong Municip­
ality, N.S.W. (Figure 1). It is a saline coastal lagoon 
formed as a result of the drowning of natural drainage 
channels by eustatic changes in Pleistocene ages. The 
resultant bay was last cut off from the sea at the end of 
the Holocene Transgression (6-7,000 years ago) (Thom, 1974) 
by the deposition of a bar which extends at present from 
Red Point in the north to Windang Island in the south.
The dunes which were built up on this bar have increased 
gradually in height and width from south to north, how­
ever their height rarely exceeds 15 m above sea level.
The dunes form two recognizable zones: a broad zone of 
parallel, low relief beach ridges on the lake side and a 
zone of higher dunes composed mainly of mobile unvegetated 
sand on the ocean side. Stabilization of the dunes on this 
bar has been facilitated by the growth of species such as 
Spinifex, Acacia, Leptospermum, Banksia, Casuarina and 
Eucalyptus (McLukie and McKee, 1956) .
The escarpment of the Illawarra Range runs in a 
north-south direction 6-7 km west from the western margin 
of the lake with a height varying from 300 to 460 m. The 
escarpment consists mainly of Triassic Hawkesbury sandstone 
and the Narrabeen Group, which overlies the Permian 
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of the lake bounded by resistant ridges of latite of the 
Permian Gerringong Volcanics (Nashar, 1967, Figure 2). 
Except for the alluvium filled valleys of Macquarie Rivul­
et and Mullet Creek the lake is surrounded on its 
western side by undulating bedrock hills up to 120 m in 
height. The hills were formerly covered with eucalypt and 
cedar forests which are now almost entirely absent follow­
ing clearing for grazing and residential use.
The area of Lake Illawarra determined by a gridcount
. 2method as part of the present study is 33.2 km . Its
2catchment area was estimated to be 200 km by a "cut and 
weigh" method. The lake has a maximum length of 9.5 km 
and a maximum width of 5.5 km. The longest axis of the 
lake runs approximately N-S. It is shallow with about 44% 
of its area less than 1.5 m and a maximum depth of 3.35 m. 
The north-eastern side of the lake is particularly 
shallow.
Since it is open to the influence of strong winds 
which sometimes cause waves more than 1 m in amplitude and 
since it is shallow, the lake water easily becomes turbid.
The channel from the lake to its junction with the 
sea off the north-western edge of Bevan's Island extends 
about 2.4 km in length and up to 600 m in width. Its 
width, depth and position vary constantly, depending upon 
such external conditions as the effects of rainfall, wind 
and wave of the sea. In late 1971 the channel was 
blocked for several months by a sand bar until it was
6
restored by removing the sand bar with a bulldozer. Early 
records show that the lake has been isolated from the sea 
as long as seven or eight years until an extra quantity 
of rain sweeps away the sand (Biggar, 1889). The narrow 
opening of the channel which directly faces the sea was 
25-30 m in width and 1-2 m in depth during the period of 
observation (from 1972 to the beginning of 1974) , however 
it has become wider (30-40 m) as a result of a cyclone in 
May, 1974.
A tidal delta has been formed at the western end of 
the channel by sand transport into the lake by flood tides. 
Further north a shallow submarine bank up to 1000 m wide 
lies against the inner edge of the coastal dunes*
2. Previous studies on Lake Illawarra
Some aspects of the geology, botany and hydrology of 
the lake have been studied previously. The geological 
evaluation of the lake has been described by Langford­
Smith and Thom (1969) while the process of the stabilizat­
ion of the dunes which extends from Red Point to Windang 
Island was mentioned by McLukie and McKee (1956).
Brown (1969) investigated the development of a comp­
lex delta at the mouth of the Macquarie Rivulet by means 
of aerial photographs and Cook (1972) has referred to the 
accumulation of sediment in the lake since post Pleistocene 
ages. A few bathymetric traverses were made by the 
Department of Public Works in 1955. Subsequent to our 
calculation of the volume of the lake the Department of
7
Mines added further soundings to those taken by the Dep­
artment of Public Works and prepared a bathymetric map for 
the lake (Roy and Peat, 1973a). Later the same organizat­
ion (Roy and Peat, 1973b) published the results of a 
survey on the bottom sediment lithofacies.
The tidal gradient in the channel was examined by the 
Department of Public Works (1966) while a discontinuous 
record of the lake water level at Tallawarra Power Station 
during 1970 and 1971 has been obtained by the Electricity 
Commission of N.S.W. (1971, 1972) .
Some observations of salinity, pH, Eh and soluble base 
were made by Wood (1964, 1967) in relation to weed growth. 
Only limited information is available on the botany of the 
lake. The occurrence of two forms of Gracilaria confer­
voides (L) Grev., viz., G. confervoides f. ecortica form 
nova, and G. confervoides f. gracilis (Turn.) Grunow. in 
the lake was reported in a survey of algal genus Gracilaria 
in Australia by May (1948).
Harris (1973) carried out a further study on distrib­
ution of weed species in the lake especially Zostera. The 
Health Department of Wollongong City Council has monitored 
the level of E. coli and other coliform bacteria since 
1962 as a measure of sewage pollution from unsewered areas 
around the lake. Sewage pollution is clearly a threat to 
recreational uses of the lake and Brownlea (1967) has ref­
erred to a result of bacteriological analysis of Lake 
Illawarra waters which was carried out by the Health Dep­
artment, Municipality of Shellharbour in his article "An
8
Urban Ecology of Infectious Disease".
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3. Aims of the present study ’
Being situated at the centre of a very rapidly grow­
ing industrial and residential area, Lake Illawarra is 
much used as a recreational resource as well as a signif­
icant fishery (annual commercial fish and prawn catch 
131,720 kg and 51,970 kg respectively) (Wollongong Univ. 
College Working Party, 1974).
Its viability in the immediate future may well depend 
on the rate at which industrial and domestic pollutants 
enter the lake’s water via creeks or direct fallout. In 
the longer term its evolution might be expected to follow 
the normal established pattern for lakes and lagoons.
In this context the rate of siltation determines its life­
time as a lagoon.
The tolerance of the lake towards pollution must be 
closely linked with the residence time of the pollutants 
in it and so the first aim of the present investigation 
was to attempt to estimate the flushing rate of the lake 
and to obtain information on mixing process within the 
lake and tidal water exchange with the sea. It was hoped 
to use salinity variations and tidal volume measurements 
to provide this information.
A second aim was to evaluate the effect of the Talla- 
warra Power Station on the thermal balance of the lake 
compared with other heat sources. The monitoring of exist­
ing levels of pollution over a time period was also 
planned in order to establish a datum against which future
10
accumulation of nutrients, heavy metals etc. could be 
measured.
As mentioned above, the rate of sedimentation is 
essential to the long term future of the lake. Although 
the long term rate of sedimentation has been estimated to 
be 1.4 mm/y (Roy and Peat, 1974), sedimentation in recent 
times would be expected to be much greater due to land 
clearing and cultivation and changes in precipitation run­
off rates due to urbanisation. The approach planned was 
to determine the heavy metal profiles of sediment cores 
and interpret them in the light of historical records of 
the development of metal smelting industries in the 
Illawarra.
Lastly it was planned to test a novel titration appar 
atus for the measurement of dissolved oxygen by titration 
with ferrous ion in alkaline solution (the Miller Method). 
Despite its inherent simplicity, this method has not found 
wide acceptance to date due in part to uncertainties assoc 
iated with the uptake of atmospheric oxygen during the 
titration. In the present study it was possible to elim­
inate this source of error and hence to investigate the 




1. Hydrology of Lake Illawarra
1.1 Calculation of water volume
To estimate the total volume of the lake water, the 
following procedures were applied: a bathymetric map was 
drawn with contours at 0.25 m intervals by using the sound­
ings from a series of traverses done by the Department of 
Public Works in 1955 together with some supplementary 
soundings obtained by the author. A grid was laid on this 
map and elements of the grid within each depth intervals 
were summed. A mean depth of 1.87 m was found by calcul­
ation and was multiplied by the total area of the elements
7 3of the grid to give 6.22 x 10 m as the total volume of 
the lake.
The relationship among depth, area and volume is 
shown in Table 1.
Table 1
Morphometric features of Lake Illawarra
DEPTH (m) AREA (km2)
-- - -------
VOLUME (m )
0 68.48 3.75 x 10
0.75 c.6.21- 7.17 x 10
1.50 c.5.04 11.25 x 10°
2.25 a8.71 24.52 x 10
3.00 64.77 15.57 x 10
SUM 33.21 62.21 x 106
MEAN DEPTH 1.87 m
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1.2 Establishment of monitoring stations
Before establishing a series of monitoring stations 
it was essential to ensure that the parameter being monit­
ored, e.g. salinity would not be subjected to short term 
fluctuations due to tidal action. Accordingly, data was 
gathered on the extent of tidal action to ensure that 
this condition was met.
The effect of tidal action on the level of the lake 
water was examined by the Department of Public Works, which 
made measurements of the tidal gradient at the entrance in 
1966. It was found that a 1.83 m fluctuation at Port 
Kembla (ocean) produced a variation of 49 cm at point A 
just inside the entrance, 26 cm at point B and only 20 cm 
at point C (Figure 3). Tidal response in the lake proper 
is therefore very slight and the monitoring stations shown 
in Figure 32 were established with the knowledge that the 
data gathered would not be significantly affected by the 
state of the tide when the samples were collected.
A fluctuation of only 2.5 cm at Windang Bridge (due 
to the high level of the lake relative to mean sea level) 
was observed during our own measurement of the tidal 
volume described below. There was no noticeable fluctuat­
ion at Berkeley boat harbour (about 7 km from the entrance).
14
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1.3 Estimation of flushing rate
(1) without mixing
For an estimate of the flushing rate of the lake, the 
mean tidal volume was calculated from flow rate data gath­
ered at Windang Bridge. A series of soundings of both the 
major and minor channels was used to draw a cross-sectional 
diagram from which the cross-sectional area of the two 
channels was calculated. The flow rates at the mid point 
of each channel were measured by timing the passage of a 
weighted float between the eastern and western sides of 
the bridge. These measurements were made at intervals of 
30 minutes. Figure 4 shows variations in flow rate over 
the tidal cycle. The inequality of the ebb and flood 
tidal volumes, which are directly proportional to flow rate 
in this diagram, is due to the measurements having been 
made after a period of heavy rain and a consequent imbal­
ance between the lake water level and mean sea level 
which caused the ebb tide run to exceed the flood tide.
At a change of tide, the flow rate rapidly increases to 
a limiting value which is maintained until just before the 
next change of tide. The maintenance of this limiting 
value was assumed in generating the symmetrical profile 
of flow rate for the complete cycle.
By multiplying the cross-sectional areas by the mean 
flow rate for each 30 minutes period, the volume of water 
passing through each channel in that time period was cal­
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volumes of the flood and the ebb tide were estimated to be
5 3 5 3 c1.9 x 10 m and 7.8 x 10 m . The mean volume is 4.9 x 10
3m , or 0.8% of the volume of the lake. If entry of each 
flood tide was followed by the loss of an equivalent vol­
ume of the lake water, without any mixing occurring, then 
the shortest possible time for the lake to be completely 
flushed would be 63 days (2 flood tides and 2 ebb tides 
per day).
In fact some mixing of the incoming water and outgoing 
water does occur, as shown by salinity data collected at 
the same time as the flow rate measurements were carried 
out.
(2) with mixing
At the same time as the flow rate under Windang Bridge 
was measured, surface and bottom water samples were 
collected from the major channel. The surface chlorinit- 
ies as shown in Table 2 were less than those for the water 
at the bottom of the channel at all stages of the tidal 
cycle, but especially during the flood tide.
18
Table 2
Chlorinity of surface and bottom 
major channel
waters at
CHLORINITY ( % n )
TIME SURFACE BOTTOM TIDE
0700 9.30 15.46 ebb
0800 9.36 17.69 flood
0900 9.69 15.75 flood
1000 10.07 14.54 flood
1100 9.70 16.13 ebb
1200 9.64 9.92 ebb
1300 9.57 9.87 ebb
1400 9.38 14.57 ebb
1500 9.44 9.55 ebb
1600 9.30 13.56 ebb
1700 9.40 9.64 ebb
The incoming water was more saline and therefore more 
dense than the lake water. It would appear to flow over 
the shallow bar at the entrance and under the layer of 
less dense water in the channel and into the main body of 
the lake.
The extent of mixing can be estimated by considering
the salt load of the flood and ebb tides. The flood tide
5 3 6had a volume of 1.7 x 10 m and it contained 2.3 x 10 kg
. 5 3of chloride ion. The ebb tide had a volume of 6.4 x 10 m
and it contained 7.2 x 10^ kg of chloride ion. The diff­
erence in-the two volumes (4.7 x 10 m ) is supplied from
19
water in the lake. The mass of salt actually transported 
by the ebb tide was compared with the mass which would be 
transported if the chlorinity of the ebb tide was equal to 
one of the following (a), (b) or (c): (a) the mean chlor­
inity for the whole lake, (b) the mean chlorinity for 
station 10 and 11 which are most liable to tidal influence
(c) the mean chlorinity at station 11.
The mass of chloride ion in the ebb tide correspond­
ing to the cases above, which was calculated from the 
titration results of water samples (surface and bottom)
collected on 28/4/72, would be 5.9 x lO^kg, 6.2 x 10^ and
6 .6.6 x 10 kg respectively. On the other hand the differ­
ence between these masses and the mass which was actually 
found in the ebb tide is due to the additional amount of 
chloride supplied by the more saline flood tide and they 
are 1.3 x 10^, 1.0 x 10^ and 0.6 x lO^kg respectively.
The chloride content of equivalent volumes of water from 
the above three sources would be equal to the flood tide 
volume x [Cl”3 x atomic weight of chlorine, that is 1.55 
x 10^, 1.65 x 10^ and 1.75 x lO^kg respectively. The 
surplus chloride made available by the mixing of the flood 
tide with water of these respective chlorinities would be 
0.80 x 10^, 0.70 x 106 and 0,55 x lO^kg respectively.
If these amounts of available chloride were compared 
with the calculated additional requirements when the flood 
tide is mixed with waters (a), (b) or (c): 1.3 x 10 , 1.0
x 10^ and 0.6 x lO^kg , fhe closest fit is clearly the
20
case (c) i.e. the assumption that the water mixes with
water of chlorinity equal to the mean for the lake water
(case (a)) or (b) with water from stations 10 and 11, is
incorrect. Under the conditions prevailing when the
measurement was made, the flood tide did not penetrate
much beyond station 11. This conclusion is supported by
the finding of a persistent vertical salinity gradient at
5 3station 11 as described below. In effect 1.7 x 10 m of
flood tide of mean chlorinity 0.378 N has been mixed with
5 3 .4.7 x 10 m of the lake water of chlorinity 0.290N to give
5 3an ebb tide of 6.4 x 10 m of mean chlorinity 0.313 N 
(experiment 0.315 N).
Tidal penetration would be a little greater if mean 
sea level and lake level were more nearly equal. By the 
time this was achieved, however, the salinity of the lake 
and the salinity of the sea water were nearly the same and 
salinity measurements would not have yielded any informat­
ion on mixing.
It must be emphasised that all of the above data ref­
ers to a particular set of circumstances: channel geometry, 
relative lake and mean sea levels, tidal rise and fall etc. 
While the accuracy of the calculations above would have 
been improved by more extensive and numerous data, the 
variability of the entrance channel geometry would 
nullify any such refinement in terms of future use for 
predictive purposes.
21
(3) effect of entry of fresh water
The mean tidal volume is only 0.8% of the volume of 
the lake as mentioned in the previous section, and the 
incoming tide does not penetrate much beyond station 11 in 
the lake. Thus division of the tidal volume into the total 
volume of the lake would give a flushing time of 63 days 
which is a gross underestimate. Actually water on the 
western boundary of the lake would scarcely be effected 
by the tides at all. Thermal diffusion and wind induced 
water movement would be more significant mixing processes 
for this water. Most important is the flushing action 
arising from the entry of fresh water from the creeks 
around the lake, especially Mullet Creek and Macquarie 
Rivulet.
According to the flow rate data taken at Macquarie 
Rivulet gauging station between 1950 and 1966, the water
volume discharged into the lake ranged from 8 x 10  ̂ to 120
3 6 3x 1 0 m  p.a. with a mean of 42 x 10 m . If it is assumed
that the water volume from all other drainage into the
lake is equal to this mean value, the total fresh water
6 3input is 80 x 10 m i.e. about 1.5 x the volume of the 
lake. On this base the flushing time for the lake is est­
imated at 6-9 months. Each of these approaches affords 
only a crude estimate of lateral water movement, but in 
the absence of any tracer or other direct technique for 
monitoring water movement over a period of months, they 
seemed to be the best available approach.
22
Direct measurements of water movement have been 
made on many occasions (Matsue; 1969) using such dyes as 
fluorescein and Rhodamine B. Because such tracers are 
either bleached by sunlight or adsorbed by suspended 
solids within a few days, a much more inert tracer would 
be needed for a body of water such as Lake Illawarra. 
Lithium chloride was considered as a tracer since it is 
present in seawater in very low concentration (Riley and 
Fougudai, 1964) and can be detected by atomic absorption 
spectroscopy at very low concentration (Angino and Bill­
ings, 1966) . Further, lithium is the least strongly ad­
sorbed metal ion (Schainberg and Kemper, 1967; Swain, 1963) 
and because of this and its ease of detection has been 
used previously to follow water movement in lakes and 
other channels. However, our laboratory experiments using 
suspensions of mud from the lake bed showed a rapid up­
take of lithium from seawater i.e. 5 to 10% of the lithium 
in a 1 ppm lithium solution was absorbed within 1 to 2 
days and this approach was not pursued.
A further restriction on lateral movement of water in 
the lake is created by the extensive weed beds in the 
shallow areas. As shown in Figure 8 such areas extend 
down almost the whole of the eastern side of the lake and, 
in total, account for some 30% of the total area of the 
lake. A number of observations suggest that these provide 
quite significant resistance to the free circulation of 
the waters in which they grow.
23
It has been found that on a sunny day the water 
temperature within a weed bed is appreciably higher than 
over an adjacent sandy bottom due to the different infra­
red absorptive characteristics of these two environments. 
The maintenance of these temperature differentials requires 
restricted water movement. Further, in areas where small 
creeks enter a weed bed on the boundary of the lake the 
salinity of this water is very much lower than that of the 
lake as a whole and remains so long after fresh water in­
flow has ceased. This effect is sufficiently marked to 
bias the weed population away from that of the Zostera of 
the more saline areas of the lake towards Ruppia and 
Lanprothamnion which favour a less saline environment 
(Harris, 1973).
Because of its closeness to and link with the sea,
Lake Illawarra has a salt content which is determined by 
many variables. The salinity of the lagoon water will be 
increased by: 1) evaporation, 2) entry of seawater with 
tidal action (unless the salinity of the seawater is less 
than that of the lake), 3) deposition of wind borne salt 
sprayed from the surf. The circumstance of the lake being 
more saline than seawater has been noted previously for 
this lake (Wood, 1967) and for other coastal lagoons 
(Higginson, 1965). The salinity will be decreased by 
rainfall in the form of direct precipitation and input 
from Macquarie Rivulet, Mullet Creek and other creeks 
flowing into the lake. f. ■ *
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During the two year monitoring period, the weighted 
mean salinity (weighted according to the sampling site 
water depth) of the lake fluctuated between 13.10 and 
31.27%0. Wide as this range is, it does not define the 
maximum variation which would occur, since an isolated 
reading of 42% 0 was obtained by Wood in 1967. The 
observed fluctuations during 1972-1973 occur over a much 
narrower range than found previously for Tuggerah Lakes 
(0.5 in wet seasons to 4.9% in dry seasons) (Higginson, 
1965). Lake Illawarra is thus intermediate in character 
between the very shallow Tuggerah Lakes on the one hand 
and the much deeper Lake Macquarie where a salinity range 
of 20-35%o has been observed together with a vertical 
chlorinity gradient of up to 1 1 % 0 (Spencer, 1959) .
The salinity of the lake is determined primarily by 
the balance between evaporation and fresh water inflow.
When fresh water inflow exceeds evaporative losses, the 
lake level rises and a hydrostatic gradient develops there­
by causing a net discharge until the lake level means sea 
level. The mutual relationship between salinity and rain­
fall is illustrated in Figure 9.
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2. Monitoring of selected parameters for Lake Illawarra
2.1 Nutrient concentrations in Lake Illawarra 
(1) Introduction
Synthesis of organic materials is accomplished mostly 
by phytoplankton and grasses, while decomposition of these 
products is also an important process which produces re­
cycling of nutrients. The production and the decomposit­
ion are thus two counterbalancing forces in the ecosystem 
of a lake.
Primary production is defined as synthesis of 
organic materials from carbon dioxide and water by means of 
light energy while secondary production means consumption 
of the organic materials made by the photosynthesis and its 
reproduction by animals and bacteria. In practice a part 
of the organic materials produced is consumed by the 
plants themselves since they also have to respirate to live.
The controlling factors for the production in a lake 
are mainly light, water temperature and quantities of 
nutrients. If light and temperature are constant, the 
quantities of nutrients become limiting factors, especially 
phosphorus and nitrogen which are thought to be the two 
major nutrients (Hutchinson, 1957 ; Prescott, 1962; Round, 
1970).
The uptake of these nutrients can be expressed in the 
following way (Stumm and Morgan, 1970) .
106 C02 + 16 NO” + HPO^ + 122 H20 + 18H+ (+ trace elements,
energy)
photosynthesis
respiration C106 H263 °110 N16 P1 + 138 °2algae
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(2) Phosphorus
' In a saline lake like Lake Illawarra similar types of 
phosphorus forms could exist compared with those in the sea, 
given the tidal connection of the lake with the sea. The 
following forms of phosphorus in the sea are known; dissol­
ved phosphate, organic compounds, insoluble and organic 
suspended phosphorus. It is thought that dissolved phos­
phate primarily exists as H2PC>4 or HPO^ with the abundance 
. 2~of simple phosphate ion (PO^ ) being very low (Davis, 1972), 
The organic phosphorus compounds in the sea might occur in 
the forms of proteins, lipids and sugars.
Phosphorus compounds such as adenosine triphosphate 
and nucleotide coenzyme play important roles in photosyn­
thesis and some other processes in plants. Generally phyto­
plankton can directly incorporate orthophosphate in their 
bodies. According to Redfield (1934), Cooper (1937a) and 
others, the existing ratio of phosphorus in the organic 
content of mixed plankton is rather constant, namely 
C : N  : P = 41 : 7.2 : l b y  weight or 106 : 16 : 1 by atoms. 
It was found that this ratio coincided quite well with that 
of these elements in the seawater (Sverdrup et al, 1946).
It has been reported that absorption of phosphorus by 
phytoplankton and its conversion to organic phosphorus took 
place even in the dark and that growth rate of many phyto­
planktons wag not related to concentration of phosphorus 
so long as its level was - _ more than 10 g/1. However,
if it went down to less than this critical level, cell
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division was rapidly inhibited. Consequently phosphorus- 
deficient cells were produced and photosynthesis ceased 
(Ketchum, 1939).
As mentioned previously phosphorus deficiency is not 
the only growth-limiting factor; nitrate is another. In 
the sea nitrate tends to exhaust before phosphorus does. 
Overall these two nutrients limit the growth rate of phyto­
plankton in different ways depending upon their species 
and their environments where they live (Riley and Chester, 
1971). The role of nutrients in eutrophication has been 
reviewed by Foehrenbach (1971, 1972, 1973, 1974).
When phytoplankton and bacteria die, the organic 
phosphorus in their tissues convert rapidly to phosphate 
through the agency of phosphatases (Riley and Chester,
1971). Most of phytoplankton are consumed by zooplankton.
A part of them is incorporated in their bodies and a part 
is discharged into water in a. form of faecal pellets cont­
aining organic phosphates together with a number of ortho­
phosphates. The inorganic phosphate in them is eluted into 
water, while the amount of these undecomposed organic 
phosphorus compounds has been reported to reach as much as 
75% of the total phosphorus excretion from zooplankton, 
and they are rapidly broken down to orthophosphate bacter­
ially or enzymatically (Hargrave and Green, 1968). The 
quantity of excretion by zooplankton becomes minimal when 
phytoplankton is abundant and vice versa (Martin, 1968).
It is also reported that if food is abundant the rate of
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phosphorus excretion from zooplankton decreases since phos­
pholipids are stored and/or used in the production of egg. 
When food is scarce, these lipids are consumed as an 
energy source and phosphorus is discharged (Riley and 
Chester, 1971).
The primary production or the process in which phos­
phorus is uptaken by phytoplanktons decreases with increase 
of water depth mainly because intensity of light decrease 
with depth. There is a critical depth where total prod­
uction and respiration are equal. Above this depth 
production exceeds decomposition and under that decompos­
ition exceeds production. It is generally thought that 
this critical depth exists around the depth where the 
intensity of light on the water surface drops to approx­
imately 1% of the original light or the depth correspond­
ing to twice the transparency (Yamagishi and Okino, 1974). 
Accordingly concentration of soluble phosphorus tends to 
increase with depth as a result of the liberation of sol­
uble orthophosphates with the decomposition of decaying 
organic debris. However, the practical distribution of 
various types of phosphorus fractions in vertical direct­
ion is reported to be quite variable.
The increase in concentration of soluble phosphate in 
oxygen deficient bottom layers (which happens very rarely 
in the case of Lake Illawarra) or at the interface between 
water and sediment can be explained partly with the relat­
ionship between iron and phosphate in water. Namely in
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an oxidized environment most of phosphates precipitate as 
ferric phosphate by reaction with ferric ion. In addit­
ion the oxidized mud surface not only holds this ferric 
phosphate but also it prevents the diffusion of phos­
phate and ferrous ion from deeper layer in sediment 
because ferrous ion exists always in excess and it makes 
all phosphate precipitate under oxidising conditions 
(Hutchinson, 1957).
Jitts (1959) has studied phosphate absorption by silt 
and found that its capacity was directly related to the 
iron content of the silt, and that silt is very rarely 
saturated with phosphorus.
An absorption rate of phosphate by lake mud under 
aerobic conditions was investigated by Fitzgerald (1970), 
so that it was found that 0.4g of dry lake mud could 
absorb 59 ̂ ¿g of PO^-P in less than 30 minutes.
In regard to lake bottom sediments, Baas Becking and 
Mackay (1955) have reported that Enteromorpha (which is 
also abundant in Lake Illawarra) is not only able to accum­
ulate phosphate but also produces some reducing substance 
which can mobilise phosphate from the substratum.
(a) Related studies of phosphorus concentrations in
lagoons and coastal waters
Spencer (1959) made a study of inorganic, organic 
and total phosphate in surface and bottom waters in Lake 
Macquarie for three years from 1954 to 1956. He found 
that generally their levels ranged in such order as total
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~P>org. -P> inorg. -P and that in surface water 1-10j x g/1 
inorg -P, 1-40 /tg/1 org. -P and 10-45 j u g / 1  of total -P were 
observed, while in bottom water 3-25j x g/1 inorg -P, 2-30 
j x g/1 org -P, 5-45 yug/1 total P. Additionally he has 
pointed out the absence of any seasonal pattern and the 
importance of possible transfer of phosphate from bottom 
to surface owing to wind induced turbulence.
In the case of Tuggerah Lakes, according to Higgin- 
son (1971) PO^-P ranged 0 to 51.2 y«g/l (6.4y x g / 1  average) 
in surface water. On the other hand it ranged 0 to 
107.9 ytcg/1 (10.8 yixg/1 average) in bottom water. He noted 
two major factors which might cause fluctuation of the 
level of phosphate and nitrate in the lake water; they 
are the inflow of fresh water into the lake from its 
catchment area and the contribution from the surface of 
bottom sediment especially when the water is agitated by 
wind. At the same time he has pointed out two reasons 
(the existence of abundant bio-mass and a highly oxidized 
surface layer of sediment) that would inhibit the re­
cycling of phosphate to water from the deeper part of the 
sediment as mentioned previously. These might explain the 
relatively low level of dissolved phosphate compared with 
that in Lake Macquarie. He also mentioned that in 
Tuggerah Lakes the concentration of phosphate has already 
exceeded the level at which nuisance algae bloom might be 
expected to occur (approximately 300 ji.g NO^ - N/l and 30yxg 
total -P/l). These threshold levels were taken from data• 
found in the U.S.
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The levels of phosphate and total phosphorus in the 
English Channel were reported by Armstrong and Harvey 
(1950). It was found that in winter time most phosphorus 
existed as orthophosphate and the levels of phosphate and 
total phosphorus were quite similar to each other with 
rather constant range of 10-14 ̂ ug P/l down to 70 m of 
depth, while from spring to summer time the situation 
changed remarkably, that is, the level of phosphate in 
surface water dropped to as low as 2 yu.g P/l and it tended 
to increase with depth. However, the level of total 
phosphate in surface water did not change so much in 
comparison with that in winter time and it decreased to 
about 8/tg P/l at the depth of 3 to 4 metres and again 
started to increase with depth.
(b) Speciation and analysis of phosphorus in natural
waters
Stumm and Morgan (1970) have tabulated all the 
possible forms of both dissolved and solid phase phos­
phorus in natural waters. Hutchinson (1957) described 
the four different forms of phosphorus in regard to the 
phosphorus cycle in lakes, they are (a) soluble phosphate 
phosphorus, (b) acid-soluble suspended (sestonic) phos­
phorus, (c) organic soluble (and colloidal) phosphorus 
and (d) organic suspended (sestonic) phosphorus. On the 
other hand Strickland and Parsons (1965) classified as 
follows : (a) soluble reactive, (b) soluble unreactive,
(c) particulate unreactive and (d) particulate reactive.
32
This classification was based on reactivity with acid 
molybdate and particle size. Based upon the analytical 
differentiation of phosphorus forms the following class­
ification was proposed by Jenkins (1968): (a) soluble
phosphorus (on persulphate oxidation of 0.45j k  membrane 
filtered sample), (b) soluble orthophosphorus (on
0.45^. membrane filtered sample), (c) soluble organic 
phosphorus ( (a) - .(b) ) , (d) suspended phosphorus (solid
retained by 0.45yu. membrane filter) and (e) soluble 
condensed phosphorus (acid hydrolysis of 0.45 î̂x. membrane 
filtered sample).
From this it is obvious that when the concentration 
of phosphorus is measured, its possible form must be care­
fully considered since its forms would vary very much 
depending on the preliminary treatment of the sample. 
Almost all recent methods are based on the molybdenum- 
blue colorimetric method introduced by Ozmond (1887).
The principle of this reaction is that orthophosphate 
reacts with ammonium molybdate in acid solution to 
result in phosphomolybdic complex. Then this complex 
is reduced by ascorbic acid solution to give molybdenum- 
blue which is measured by a colorimeter at a wave length 
of 885 nm.
When phosphates in water are measured, first of all 
every form of phosphates must be converted into soluble 
orthophosphate. Then the colorimetric determination of 
it follows. The only form of phosphate which responds to
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colouring reagents without preliminary hydrolysis or 
oxidative digestion is orthophosphate. This orthophos­
phate can exist in both filtrable (dissolved) and part­
iculate forms. Deniges (1920) cited its application for 
the determination of phosphate in seawater, while the 
utilization of a photoelectric colorimeter for the method 
has been reported by many workers (Griswold et al., 1951; 
Karvey, 1948; Rockstein and Herron, 1951; and Wooster and 
Rakestraw, 1951) .
In order to increase the sensitivity of the method, 
the usage of a long-path cell and solvent extraction 
methods have been introduced by Proctor and Hood (1954), 
Sugawara and Kanamori (1961) and others. Stephens (1963) 
established a solvent extraction method for determinat­
ion of low concentrations of phosphorus in water by 
modifying the single-solution method for phosphate.desc­
ribed by Murphy and Riley (1962). Armstrong (1965) made 
a detailed summary of the method for determination of 
phosphorus in seawater regarding wavelength of maximum 
absorption, reagents, colour developments, effèct of 
salinity interference, blank determination, precision 
and so on. In regard to the precision he indicates the 
following figures as a realistic precision for phosphate 
analysis.
Mean phosphate yttg atom P/l 0.5 1.0 2.0
Coefficient of Variation (%) +10 +5.0 +3.5
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Riley and Skirrow (1965) has also described the devel­
opment of phosphorus analytical methods and the advantages 
and disadvantages of each method.
(c) Phosphorus concentrations in Lake Illawarra
Phosphorus levels in Lake Illawarra have been meas­
ured seven times, approximately once every three months 
from 30/5/72 to 23/10/73. This was intended to confirm 
or disprove the existence of seasonal trends of phosphor­
us levels in the lake. The water samples were collected 
from both surface and bottom at the ten stations in the 
lake. Additionally one seawater sample was collected 
every time except on two occasions (30/5/72 and 25/8/72) 
when reference water samples were collected at Wollongong 
harbour.
Phosphate phosphorus (P-P) and total phosphorus (T-P) 
concentrations in each sample were determined colorimet- 
rically to give the result in Table 3. The averages in 
the various terms were also calculated and shown on this 
table. When these seven groups of the data were compared 
with one another, it will be noticed that the first 
three groups (30/5/72, 25/8/72 and 14/11/72) are much 
lower than the other four groups in regard to both P-P 
and T-P.
The minimum and maximum values detected in all 
samples are respectively 2 . l ^ u . g / 1 and 68.5 yitg/1 in terms 
of P-P, while in T-P the minimum and maximum are 4.0yug/l 






STATION 30/5/72 25/8/72 14/11/72 b/2773
S B S B S B S B
2 PP 4.8 14.0 5.2 4.0 2.9 2.7 20.0 19.5
TP 10.8 7.0 10.0 4.7 30.0 29.0
3 PP 17.0 8.8 10.1 3.3 9.6 7.7 24.4
TP 12.7 14.5 5.8 11.3 44.7 58
4 PP 3.0 3.1 5.2 9.6 6.0 7.5 67 53
TP 9.0 11.0 7.0 16.8 10.5 10.5 145 79
5 PP 7.0 7.5 7.5 14.4 10.5 11.3 12.0 10.0
TP 14.0 24.7 12.7 15.2 13.0 12.7 24.0 16.0
6 PP 3.3 7.5 4.8 6.1 6.3 6.2 15.0 24.0
TP 12.0 14.5 9.5 8.3 10.7 10.0 45.8 67
7 PP 17.0 10.0 6.6 12.8 8.6 15.5 7.9 18.3
TP 39.0 15.0 13.0 19.0 10.3 19.2 34.7 44.5
8 PP 4.5 11.5 2.2 3.3 2.1 4.0 23.8 19.8
TP 8.0 14.0 5.8 15.0 11.5 8.7 30.0 28.0
9 PP 10.5 7.2 4.2 4.2 2.5 2.2 14.4 3.2.8
TP 16.0 24.8 19.0 8.2 4.0 7.2 36.5 42.0
10 PP 5.5 2.5 6.3 10.5 4.9 5.2 9.0 14.4
TP 12.0 7.5 11.3 14.5 7.3 9.6 32.5 36.8
11 PP 6.5 12.0 7.7 4.3 5.8 5.0 8.3
TP 8.0 15.0 14.0 15.5 13.2 11.0 35.0 15.8
SEA PP 13.3 9.7
TP 16.5 13.2
MEAN PP 7.9 8.4 5.9 7.9 5.3 6.9 18.5 21.8
TP 14.3 15.8 11.2 13.7 9.1 11.1 45.8 41.5
MEAN PP ' 8.2 6.9 6.1 20.2
OF TP 15.1 12.5 10.1 43.7
S & B
S : Surface water, B : Bottom water
PP : Phosphate Phosphorus, TP : Total phosphorus
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-Ag P/iDATE
MEAN8/5/73 5/8/73 23/10/73s B S B s B S B
51 52 10.0 9.1 12.5 15.0 15.2 16.6 15.9
90 82 29.6 28.4 38.2 39.8 30.0 37.9 34.0
57 54.8 7.3 10.8 12.3 16.8 16.2 21.0 18.6
93 28.9 34.7 31.0 51 36.0 33.7 34.9
60 59 16.1 14.9 37.0 29.3 27.7 25.2 26.5
95 84 41.3 39.3 54 43.0 52 40.5 46.1
57 69 11.6 11.2 14.0 23.9 17.1 21.0 19.1
92 79 33.3 33.0 46.9 55 33.7 33.6 33.7
46.0 51 18.8 22.8 17.2 17.4 15.9 19.2 17.6
97 90 35.6 47.0 32.8 35.0 34.8 38.7 36.8
39.3 38.4 12.3 14.8 10.3 17.7 14.6 18.2 16.4
77 112 28.3 29.2 32.0 44.1 33.5 40.4 37.0
20.8 17.9 6.3 22.3 7.9 10.9 9.7 12.8 11.3
119 79 28.6 55 40.3 33.6 34.7 33.3 34.0
24.5 22.6 3.6 14.8 4.4 9.9 9.2 10.5 9.9
83 74 23.1 36.9 19.4 26.7 28.7 31.4 30.1
41.6 42.6 9.1 12.8 10.5 33.0 12.4 17.3 14.9
62 58 24.6 29.7 37.9 62 26.8 31.2 29.0
44.9 41.3 9.1 10.7 10.1 9.8 13.2 13.9 13.6
62 64 27.5 28.3 33.3 25.5 27.6 24.9 26.3
5.1 8.5 8.3 9.0
8.9 15.8 18.3 14.5
44.2 44.8 10.4 14.4 13.6 18.4 15.1 17.5
87 80 30.1 36.2 36.6 41.5 33.5 34.3
44.5 12.4 16.0 16.3
84 33.2 39.1 33.9
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of average values at each time calculated from the ten 
data from the ten stations in the lake, the average value 
on 8/5/73 is the highest among the seven average figures.
If they are compared with the average value on 14/11/72 
which is the lowest, it will be seen that the average 
value on 8/5/73 is about 7 times in P-P and about 8 times 
in T-P respectively higher than that on 14/11/72. In 
order to see if there is any similarity between the two 
data which were collected at nearly the same times of 
the year in 1972 and 1973, firstly the two average values 
on 30/5/72 and 8/5/73 were compared with each other, so 
that the latter was about 5 times higher than the former 
in both P~P and T-P. On the other hand between 25/8/72 
and 5/8/73 the latter is merely 2 times in P-P and 2.6 
times in T-P higher than the former. Finally in the 
case between 14/11/72 and 23/10/73, the latter is about 
2.6 times in P-P and about 4 times in T-P respectively 
higher than the former.
There is thus no meaningful relationship between 
these two data measured at the same period of the year.
In other words no seasonal pattern in phosphorus concen­
tration seems to exist for the available data. It also 
suggests that the phosphorus cycle in the lake is not as 
simple as in some closed fresh water lakes or the oceans.
The ratio of P-P to T-P in average ranged from 0.37 
(12.4/33.2) to 0.60 (6.1/10.1).
Meanwhile the averages in P-P and T-P at each station
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are shown in Figure 5. The figure at station 4 is 
extremely high in both P-P and T-P. Then in terms of P-P 
station 3, 5,6, 7 and 2 follow with the high to low 
order and station 9 gives the lowest figure followed by 
station 8. In T-P except station 4, station 6, 7, 3, 8 
and 2 give comparatively high figures in that order from 
high to low. Station 11 gives the lowest followed by 
station 10 and 9.
Some explanations can be given for these observat­
ions. Perhaps the extremely high level of phosphorus at 
station 4 has been caused not only by the inflow of fresh 
water from Macquarie Rivulet but also by the runoff 
through several small creeks and drains around the 
unsewered residential areas such as Albion Park Rail 
and Oak Flats (Figure 6), for as seen in Table 7 the 
observed concentration in the water of Macquarie Rivulet 
which was measured three times (6/2/73, 13/11/73 and 
17/4/74) independently from measurement of the lake water 
is rather low (9.0, 16.3, 2.8 ytg/1) at least in regard to 
P-P compared with 26.5yag/1 in average at station 4. In 
case of T-P the three observed concentrations in 
Macquarie Rivulet are 31, 46 and 12.0 y*g/l respectively. 
This high concentration in phosphorus at station 4 may 
well be due to the combined effect of abovementioned two 
sources.
Besides station 4 fairly high concentrations in P-P 
have been recorded at station 2, 3, 5, 6 and 7. All 
these stations except station 5 are close to the rapidly
Figure 5
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growing residential areas which were not sewered yet or 
close to some creeks which might carry phosphorus.
However, in the case of station 5 it is reasonable to 
consider that the rather high levels at station 5 
(which is rather far from residential areas) are partly 
caused by both waters from station 4 and 6 and/or the 
heated water from the power station. The possible 
agitating effect of that water on sediment surface around 
the station may be responsible since station 5 is located 
between station 4 and 6 both of which indicate high 
levels in P-P as mentioned already and in addition are 
close to the power station.
The low concentrations in P-P at station 9 and 8 
can be explained to a certain extent in the following 
ways: the depth around station 9 is quite shallow so
that the bottom surface in the lake is under highly 
oxidizing condition which means the release of P-P from 
the sediment is inhibited for the reasons described above. 
In addition, this area is protected from turbulence by 
its strong weed growth. In the case of station 8 a 
large percentage of phosphorus exists as suspended or 
particulate forms in the water judging from the fact 
that T-P level is not as low as P-P. Additionally, as 
mentioned previously station 8 has a unique situation, 
being isolated from strong winds and from the main body 
of the lake.
In regard to T-P station 11 gives the lowest figure.
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This appears to be associated with the relatively low 
and stable concentration of T-P in the seawater reaching 
this station by tidal action.
The relationship between the levels of P-P and T-P 
in surface and bottom water is shown in Figure 5. Only 
general trends can be discussed for these results because 
of the limited number of data and their shallow depth at 
station 2, 4, 6 and 9. In terms of P-P concentration in 
bottom water is higher than that in surface water at all 
stations except station 4. Considering the result in the 
measurement of dissolved oxygen carried out a few times 
by us during the period of investigation which showed that 
the concentration of dissolved oxygen was fairly high even 
at the deepest station in the lake (more than 60% of the 
saturation) there is little possibility that bottom surf­
ace will become reducing condition at which the release 
of P-P is thought to take place. Therefore, it is reason­
able to consider that this higher concentration of P-P 
in bottom water than that in surface water has not been 
based on diffusion from the bottom sediment but has been 
based on the P-P which might be mobilised from the surface 
of sediment by turbulent water movement induced by wind.
In Tuggerah Lakes as referred previously, P-P 
concentration is higher in bottom water than in surface 
water as for Lake Illawarra.
On the contrary, in regard to T-P the abovementioned 
tendency in P-P (that the concentration in bottom water
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is higher than that in surface water) is less significant. 
In fact the concentration in surface water often exceeds 
that in bottom water at station 3, 4, 8 and 11. The 
difference in concentration between surface and bottom 
waters is particularly noticeable at station 4 in comp­
arison with the other cases even though the depth 
around the station is only 1.7 m.
It is perhaps.logical to consider that this was 
brought about by the inflows of fresh water from 
Macquarie Rivulet and other creeks and drains around the 
area to the upper layer of the lake water because of their 
low density. There exists another big difference between 
bottom and surface waters in terms of P-P at station 3. 
However, in regard to T-P the concentration in surface 
water exceeds that in bottom water. Taking into account 
that its depth is rather deep, it obviously suggests that 
the surface water was affected by some external sources 
of phosphorus, perhaps mainly from drains from surround­
ing residential areas. A similar explanation is approp­
riate for the case of station 8.
Besides these measurements of phosphorus at ten 
stations in the lake, the concentration in P-P and T-P 
in the waters of Macquarie Rivulet, Mullet Creek, several 
other creeks and drains around the lake and in the coastal 
seawater at a breakwater of Wollongong harbour was 
examined 6 times from 6/2/73 to 16/5/74 at irregular 
intervals in order to estimate the contribution by them
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to the concentration in the lake water (Figure 6). The 
result is shown in Table 7 which also includes the 
concentration of nitrate nitrogen (p.60, 61).
The concentration of phosphorus in the waters of 
Macquarie Rivulet and Mullet Creek as two major fresh 
water sources entering the lake ranges respectively from 
2.8 to 16.3 j n g / 1  in P-P and 12.0 to 45.7 yag/1 in T-P and 
from 5.5 to 9.0 jx.g/1 in P-P and 13.7 to 30.6 / x g / 1  in T-P. 
Although the number of measurements is limited, it seems 
that there is little difference in the concentrations 
in both P-P and T-P between the waters of Macquarie Rivul­
et and Mullet Creek. These figures themselves are 
approximately equal to those in the lake or slightly lower 
in some cases. However, if their volume entering the lake 
is taken into account, their contribution in terms of 
phosphorus must be quite significant.
Meanwhile in the case of Brooks Creek which flows 
through a rapid growing residential area of Dapto the 
concentrations were 64 yU.g/1 (37.9 , 65, 133, 21.8 y*g/l) in 
average for P-P and 98 yu.g/1 (84, 103, 150, 54 /¿g/1) for 
T-P. The concentrations in P-P and T-P in the water of 
Madigan Creek which enters the lake from the residential 
area of Oak Flats were respectively 360 /¿g/1 (490, 81,
510 /cg/1) in average and 1,430 /¿g/1 (510, 390, 3,400/xg/l). 
These are quite high. Furthermore in Trumper Creek 2,900/* 
g/1 (3,100, 2,700/¿g/1) for P-P and 3,600/zg/l (3,600,
3, 600 /¿g/1) for T-P were respectively recorded, which are • 
extremely high compared with those in the lake.
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By contrast the values observed at a breakwater of 
Wollongong harbour were low and fairly constant, being 
respectively 17.9yUg/1 (4.7, 7.9, 6.9, 12.0y x g / 1 )  in 
average for P-P and 15.5^ug/1 (13.5, 13.4, 17.5, 17.4yxg/D 
for T-P.
As a reference total phosphorus level in sedim­
ents near Bevan's Island was determined. The result is 
shown in Table 4. From this it is obvious that the top 
part of sediments contain more phosphorus and their con­
centration seems to drop with depth. The sediment (top 
part) in Griffins Bay contains more phosphorus (104 and 
164 j u g T-P/g dry mud) than those near Bevan's Island.
Table 4
Total phosphorus concentration ( y*g P/g mud) (air d/ied)
DEPTH SITE ■ MEAN1 2 3 4
Surface 77 63 113 71 81
5 cm 34 29 36 33 33
10 cm 35 37 53 24 37
20 cm 31 28 28 24 28
30 cm 31 32 30 19 28
40 cm 26 16 14 11 17
Total phosphorus concentration in the water sample 
collected on the same day is 20.2 yug/1.
From these results the waters in the lake close to 
these small creeks and drains around the residential 
areas are expected to have quite high levels of phosphorus, 
especially in the water where the depth is very shallow
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and consequently water tends to be stagnant. In addition 
the amount of nutrients entering the lake through these 
creeks and drains would increase considerably on such 
occasion when flood water passes through after heavy 
rainfall.
After all the following points can be made with 
regard to phosphorus as a nutrient in Lake Illawarra.
(1) Major external sources of phosphorus for the lake 
are two main creeks and a number of small creeks and 
drains.
(2) The magnitude of their respective contributions 
to the overall level of phosphorus in the lake has not 
been established yet, but it is true that the proport­
ion attributable to drainage from residential areas is 
increasingly important with the rapid growth of 
(unsewered) residential areas.
(3) The level of phosphorus in Lake Illawarra is high 
enough to creat eutrophication. Relatively low level of 
nitrate-nitrogen is obviously the limiting factor in the 
present situation under which at least most of the main 
body of the lake is free from nuisance algae growth. 
However, incipient eutrophication is already evident in 
several parts of the lake water where the water is 
shallow and is receiving a high silt and nutrient load 
from unsewered residential areas.
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(3) Nitrogen
Other than phosphorus nitrogen is the major nutrient 
and plays a very important role in the ecosystem.
Nitrogen is the third most abundant element next to 
carbon and oxygen in algae cells (Round, 1970). As 
mentioned in the previous chapter nitrogen is introduced 
into cells when amino acids are synthetised in the cells 
of phytoplanktons. The main inorganic nitrogen forms 
which can be utilized for this end are ammonia, nitrate 
and nitrite. Uptake of these nitrogen compounds by 
phytoplankton takes place as a result of photosynthesis, 
so that this is confined in euphotic layer. The result­
ant phytoplankton are consumed by zooplankton and fish. 
Consequently this process forms the secondary production.
Harvey (1955) suggested that ammonia is the most 
preferred of these three forms for assimilation by a 
number of phytoplankton species. A similar concept was 
supported by Vaccaro (19 63) , demonstrating that ammonia 
is more important than nitrate as the micro-nutrient in 
the coastal water off New England. The reason why ammonia 
is more readily utilized is that it is already a reduced 
form. Organisms which use nitrate as nitrogen source 
must convert it to ammonia by using a certain amount of 
energy with the help of some enzyme such as nitrate reduct 
ase. For the conversion of assimilated nitrate in algae 
to amino acids for the synthesis of protein, first of all 
nitrate must be converted to ammonia by the help of a
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hydrogen donor and perhaps a source of high energy phos­
phate (e.g. adenosine triphosphate) in the following way 
(Riley and Chester, 1971).
N 0 3 + 2H+ + 2e" — -  NO” + h 20
2-2N02 + 4H + 4e — — N 2°2 + 2H20
?-N 2°2 + 6H + 4e 2NH 2o h
n h 9o h + 2H+ + 2e — n h 3 + H 2°
The ammonia formed in this way is assimilated directly 
from the water, and is converted into glutamic acid as a 
consequence of its reaction with -ketoglutaric acid in 
the presence of reduced adenine nicotinamide dinucleotide 
phosphate (NADPH).
HOO.CO. (CH2)2 .COOH + NH3 + 2 NADPH ----—
-ketoglutaric acid
HOOC.CH (NH2) CH2 CH2 .COOH + 2 NADP + H20 
glutamic acid
Then proteins are produced by the linkage of the various 
amino acids by using energy supplied from adenosine 
triphosphate (Riley and Chester, 1971).
(a) Spéciation and sources of nitrogen
Hutchinson (1957) showed the following forms of nit­
rogen which might exist in lake water:
1. Molecular N2




Molecular nitrogen is the most abundant out of all 
these forms. It is considered that the surface layer in 
lakes tends to be saturated or often over saturated 
according to Birge and Juday (1911). The amount of 
molecular nitrogen in seawater is about ten times more 
than that of all the other nitrogen forms (Riley and 
Chester, 1971). There are two possible ways for the supply 
of this molecular nitrogen in the closed system: one 
is that from the atmosphere by simple saturation due to 
gas-liquid equilibrium, and the other is due to the 
reduction from ammonia in deep layer of lakes or under 
mud layers where no oxygen is available. Goering (1968) 
demonstrated that molecular nitrogen (5-10 yxg N/l/hr) 
and nitrite immediately generated by bacterial reduction 
of nitrate in seawater which was taken below the thermo- 
cline in the east tropical Pacific (D.O. under 0.2 ml 
C^/l). Molecular nitrogen is very important as a source 
for nitrogen fixation which will be mentioned later.
Bacterial decomposition of organic matter has been 
thought to be a major source of organic nitrogen compounds 
(amino acids, urea, methylamines and so on). However, 
Johannes (1968) suggested that zooplankton which fed on 
phytoplankton and detritus played a more important role 
in regard to contribution of ammonia and amino acids 
discharged in forms of their excretion especially to
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surface water, and he also showed that the contribution 
from bacterial decomposition of organic matters is only 
minor in marine surface water or in shallow lakes except 
in such cases that the water concerned is affected by 
some external influences such as sewage and/or run-off.
A few species of phytoplankton (e.g. phytoflagellates) 
which are able to utilize dissolved organic nitrogen 
compounds (e.g. amino acids) are known and some others, 
e.g. diatoms can do so after attached bacteria have deam- 
inated these compounds (Harvey, 1940). Guillard (1963) 
suggested that it seemed unlikely that phytoplankton 
will derive significant amounts of nitrogen from the very 
low concentration in the open sea. However, he suggested 
at the same time that in sewage-polluted water a fair 
proportion of nitrogen requirement might be satisfied 
by urea and uric acid. Meanwhile Grant et al (1967) 
have referred to the order of preference for ammonia, 
nitrate and urea when Cylindrotheca closterium was grown 
on comparatively high concentrations of these nutrients. 
Guillard (1963) noticed that the phytoplanktons which 
have the ability to use urea seemed to be restricted to 
coastal and estuarine. Ammonia is produced as a result 
of breaking down of the soluble and particulate nitrogen 
compound of dead organisms and those excreted by plants 
and animals and by various species of bacteria. The 
amounts of NH^ produced by direct autolysis after the 
death of cell reach as much as 30-50% of total nutrients
50
from plants and animals (Johannes, 1968; Krause, 1964). 
There are some stable organic nitrogen compounds which
resist bacterial attack, so that they sink to the bottom 
sediment. Ammonia produced in these ways is oxidised to
nitrite and nitrate in the following ways according to
Cooper (1937b).
NH+ + OH + 1.502^ r  H+ + NO” + 2H20 AG° = -59.4 Kcal
+ o.502= ^  no” AG° = - 18.0 Real
As both reactions are exothermic, only activation 
energy is necessary for the reactions to proceed. These 
reactions are mainly carried out by bacteria. The gener­
ation of nitrite is not only brought about by bacteria, 
but also a number of marine phytoplankton excrete signif­
icant amounts of extracellular nitrite when they grow in 
the presence of excess nitrate.
In regard with nitrogen fixation, Dugdale et al 
(1961) has demonstrated that the blue-green alga 
Trichodesmium thiebautii can utilize dissolved nitrogen 
to fulfil its nitrogen requirement when other inorganic 
forms of nitrogen were exhausted. Furthermore, Stewart 
(1969) has cited the study conducted by Dugdale et al 
(1964, 1967) which showed that in the tropical marine 
environment in the Atlantic the blue-green alga 
Trichodesmium is able to fix nitrogen at the rate of 
2/eg N/litre seawater/hour at maximum (average rates were
0.05/eg and 0.15/eg N/l/hr, in spring and summer respect­
ively) during heavy blooms. This is ten times faster
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than the rate of ammonia removal from sea by phytoplank­
ton.
Nitrogen is also lost to sediment by deposition of
detritus and silt. At the same time nitrogen can be
released from sediments by burrowing animals or decay of
organic nitrogen to ammonia and its diffusion into the
water layer, and desorption of ammonia from mud and so
6on. In the sea as much as ca.9 x 10 tons of nitrogen
is removed annually from the sea water into sediments
. . 7 .m  comparison to ca.8 x 10 tons/year of influx from
river water and rain water (Riley and Chester, 1971).
Saijo et al (1966) investigated the proportion of 
the amounts of nitrogen and phosphorus which returned to 
water as a consequence of the decay of organic matters 
in Lake Biwako (fresh water lake in Japan) and found 
that in the productive surface layer more than 80% of 
nitrogen returned to the water and for a whole lake 
water more than 90% of nitrogen returned to it. The 
contribution from the bottom sediment was only around
C 9- D  ̂  •
Hutchinson (1957) has listed the following terms 
as input and output sources of nitrogen to lakes:
Input:-
1. Influents to lake including ground water
2. Precipitation on the lake surface 
Fixation in the lake and its sediment3.
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Output:-
1. In the effluents
2. By diffusion of volatile nitrogen compounds
from surface (probably usually insignificant)
3. Denitrification in the lake
4. In the formation of permanent sediments
On the other hand, Brezonik (1972) has tabulated
sources and sinks for the nitrogen budget of a lake in a 
more detailed way, and has discussed the nitrogen and 
phosphorus contents of various nutrient sources for lakes.
The quantity of nitrogen in influents including run­
off fluctuates very much depending upon the source 
environment for the influent. Though Hutchinson(1957) 
stated that the greater part of nitrogen is contributed 
by the influents which contain nitrogen owing to soil 
erosion, cultural sources relevant to human activities 
such as domestic sewage, agricultural runoff and so 
forth seem to be more important according to Brezonik 
(1972).
Rainwater contains significant amounts of ammonium­
nitrogen, nitrate-nitrogen and organic nitrogen and
NH^ -N of 0.64 mg/1 and NO^ -N of 0.196 mg/1 
respectively are given as mean values in the temperate 
regions; the proportion of N0o -N to NH^ -N tends to 
increase in tropical rain. It is considered that the 
main process of NOx (oxidised form) generation is photo­
chemical oxidation of ammonia (Hutchinson, 1957). The
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fact that some thunder shower after a weekend of dry 
weather contains as much as 1.85 mg of total organic 
nitrogen, 0.92 mg of NH^ -N and 0.08 mg of NO^ -N in 1 
litre of rainwater was reported and their concentrations 
in rainwater gradually decrease with time after the start 
of rainfall (Brezonik, 1972). When these figures were 
compared with those in Lake Illawarra or those in 
seawater in which NH^ -N and NO^ -N are respectively 
< 5 - 5 0  yttg/l and 1 - 500 ji g/1 (Riley and Chester, 1971), 
its effect on the nitrogen concentration in lake water 
would be appreciable.
Meanwhile in terms of the relationship in nitrogen 
content between influent and effluent Mortimer (1939) has 
noted that in less productive lakes the concentrations of 
NO^ -N, Organic N and Total-N in influent are slightly 
higher than those in effluent, however, that in more 
productive lakes their concentration in effluent drops 
drastically. Namely this means that the lake works as a 
nutrient trap in the case where it is a productive lake.
(b) Nitrogen concentrations in similar lakes
Higginson (1971) has investigated Tuggerah Lakes 
and found that the level of NO^ -N in surface water ranged 
from 0 to 60ycg/1 with a mean of 15.1^ag/l and in bottom 
water its level ranged from 0 to 80.1 y*.g/l with a mean of 
20.2 y W g / l .
No seasonal pattern was found and he concluded that 
the change of its concentration in the lake might be
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brought about by the fresh water from its catchment area 
after rainfall and by agitation of sediment by wind 
induced water movement. In addition he suggested that 
the only available nitrogen form was nitrate-nitrogen 
since this water body is in a highly oxidising condition 
owing to its shallow depth. In the case of Lake Macquarie 
according to Spencer (1959) , the level of NO^ -N in 
bottom water is generally higher than that in surface 
water and the quite high levels observed several times 
during the time period from 1954 to 1956 were interpreted 
as being due to production in situ and to large domestic 
influents. Although the observed values fluctuated consid­
erably, generally the level in surface water ranged from 
0 to less than 10 j x g NO^ -N/l while in bottom water it 
ranged from 0 to less than 25^g/l with some extremely 
high values of more than 100 j x g/1.
(c) Nitrate nitrogen concentrations in Lake Illawarra
The concentration of nitrate-nitrogen has been 
monitored from 14/9/72 to 21/1/74 on the same occasions 
when the other samples were collected.
The reason why nitrate-nitrogen was chosen as a 
parameter for nitrogen level is that the depth of Lake 
Illawarra is rather shallow so that the lake water is 
supposed to be highly oxidised as suggested by Higginson 
(1971) in his study on Tuggerah Lakes which is shallow 
and similar to Lake Illawarra and also from our observ­















3 3.05 30.6 22.9 7.8 6.9
(108%) (96%)
5 2.44 29.9 23.5 7.2 6.9
(99%) (81%)
8 1.52 30.8 22.4 6.0 5.6
(81%) (75%)
11 3.35 31.7 22.3 7.6 8.9(103%) (121%)
Values in the parenthesis indicate % 
of saturation.
These observations were carried out on 6/1/73.
From these data it is obvious that the lake is well oxy­
genated at all points due to its shallow depth and the 
strength of prevailing winds.
Samples were collected both from surface and bottom 
at the 10 stations in the lake and one seawater sample 
was collected as reference each time at Wollongong harb­
our. All results were shown in Table 6.
The obtained values range from 0 to as high as 
200j j.g NO^ -N/l. The mean values of 10 data from 10 
stations on each occasion were shown in Figure 7 and 
except those values which are more than 2 0  y i q  NO^ -N/l 
(4 data) .
Table 6
j x g  N03 -N/l
STATION
DATE 2 3 4 5 6
S B S B S B S B S B
' l l
14/9 1.9 1.5 0.8 2.8 2.8 2.2 1.9 1.9 2.8 2.6
10/10 0.6 1.1
14/11 0.2 0.7 4.9 7.3 5.2 3.7 1.7 3.1
7/12 1.6 1.1 0.6 0.9 0.7 1.8
’73
6/1 1.4 0.5 0.6 0.7 0.9 0.6 1.7 0.5 ND 0.1
6/2 0.5 1.9 ND 0.3 2.0 1.5 0.8 1.1 ND 1.4
6/3 0.5 3.8 0.3 1.0 23
5/4 2.0 4.9 1.7 2.4 2.6 2.6 2.9 2.0 2.0 2.0
8/5 3.8 2.3 1.5 1.4 2.3 1.4 2.6 1.3 1.2 1.4
7/6 1.2 0.4 1.5 ND 1.7 0.4 2.5 0.8 0.1 0.8
20/6 0.9 0.4 6.8 0.8 11.1
11/7 1.5 1.0 1.3 1.4 0.3 1.0 4.2 2.4 200 9.8
5/8 1.8 2.4 0.2 1.3 1.4 1.0 1.5 0.5 1.1 5.0
31/8 9.4 0.9 3.9 11.0 1.7 2.9 ND 2.8 2.8 2.3
25/9 2.6 3.5 1.5 1.4 140 0.3 3.9 1.7 51 6.3
23/10 2.6 2.2 2.1 1.4 2.1 1.5 1.4 2.4 0.6 1.2
22/11 1.6 1.4 2.6 2.2 2.4 2.3 1.2 1.4 2.8 3.1
20/12 6.7 1.4 1.3 1.2 0.5 0.9 1.2 0.7 1.8 1.7
'74
21/1 3.1 2.3 1.4 2.0 0.8 3.5 0.4 1.9 0.6 1.2
MEAN 2.6 1.9 1.5 2.0 2.1 2.0 2.0 1.7 2.3 2.9
MEAN 2.3 1.8 2.1 1.9 2.6
* : The figure is calculated frcm the data including four high values 
(23, 200, 140 and 51)
S : Surface water B : Bottom water
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STATION
7 8 9 10 11 SEA MEAN
S k S B S B S B S B S B
1.9 2.2 1.8 1.8 1.5 3.7 2.6 2.8 2.4 2.4 66 2.0 2.4
9.5
0.7 3.0 2.0 0.8 0.7 1.0 2.1 2.1 2.9
1.0 1.4 0.8 1.5 0.7 1.5 2.6 3.2 3.3 4.9 68 1.4 2.1
0.2 1.2 1.0 0.7 ND 0.4 0.4 0.8 0.7 1.8 25 0.9 0.7
0.6 0.7 1.8 0.7 1.6 0.5 ND 1.4 0.6 3.2 30 1.1 1.3
0.6 0.4 ND ND ND 24 1.14.2
1.6 1.5 1.6 1.9 0.9 1.4 1.1 2.3 1.2 3.4 10.2 1.8 2.4
1.9 4.6 5.6 1.7 1.9 2.4 3.4 1.3 0.2 1.4 5.7 2.4 1.9
0.3 2.6 0.6 1.1 1.3 1.1 0.1 1.1 ND 0.4 31 1.0 1.0
0.1 0.5 1.0 ND 0.3 45 2.4
0.8 1.2 5.8 1.6 0.5 0.6 6.0 2.8 ND. 0.6- .62 2.625 2.2
ND 4.1 0.2 3.6 0.5 1.3 ND 1.1 0.3 0.3 45 0.9 2.1
3.5 1.9 2.9 7.2 4.6 2.1 2.2 ND 2.8 2.6 92 3.8 3.7
2.7 9.2 0.9 2.8 1.0 3.1 0.6 1.9 1.0 4.2 30 1.421 3.4
5.9 1.2 2.1 0.9 1.5 2.3 7.8 1.7 1.2 1.5 6.1 2.7 1.6
0.8 1.3 2.1 1.5 1.1 1.7 1.3 1.9 2.5 2.4 17 1.8 1.9
4.3 1.6 2.9 2.2 1.2 5.2 0.9 0.7 0.6 3.1 13 2.1 1.9
1.1 0.3 0.4 2.6 3.4 4.1 1.5 1.1 ND 1.5 8.3 1.4 2.1
1.6 2.4 1.9 2.1 1.5 2.0 2.3 1.7 1.3 2.2 33 1.84.3* 2.1
2.0 2.0 1.8 •0 1.8 2.0
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No clear trend is evident in this graph, possibly 
because of the limited number of data. However, it has 
been, clearly proved that nitrate-nitrogen level in the 
lake as a whole is quite low. The overall mean value of 
surface and bottom is as low as 2.0/ug NC>3 -N/l when the 
few individual readings of more than 2 0 N03 -N/l are 
excluded. The extremely high values were observed 
exclusively in surface water samples on three occasions 
(6/3/73, 11/7/73, 25/9/73) at only station 4 and 6 
where Macquarie Rivulet and Mullet Creek flow into the 
lake * In the case of 6/3/7 3, rainfall of 45 mm was 
recorded from the previous day to that particular day. 
This cannot be solely responsible for the observed 
high value of 23j x.g N03 -N/l at station 6 however, 
since a corresponding increase was not recognised at 
station 4.
The value of 200y-cg NC>3 -N/l recorded at station 
6 on 11/7/73 is the highest in all data but coincides 
with a quite low concentration at Station 4.
Meanwhile on 25/9/73 140j x g  N03 -N/l at station 4 
and S l j x g  N03 -N/l at station 6 were respectively 
recorded after the rainfall of 17 mm on the previous day.
When the data which are more than 20j i g  N03 -N/l 
are removed from the calculation of the mean values, 
the mean of the bottom water samples gives a slightly 
higher value than that of the surface samples, as was 
found by Higginson (1971) for Tuggerah Lakes. Consid­
ering the shallow characteristics of the lake, perhaps
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bottom sediment contributes somewhat to the higher con­
centration of nitrate-nitrogen in the bottom water.
Besides these regularly collected data at 10 stations 
in the lake, some other data on nitrate-nitrogen in the 
small creeks and drains around the lake, including 
Macquarie Rivulet and Mullet Creek, were collected at 
irregular intervals. As shown in Table 7 and Figure 6 
these data fluctuate in a very wide range. Mullet Creek 
gives rather high figures (64, 54 and 2 6 0 NO^ -N/l) 
while the water samples from Macquarie Rivulet give 2.0 
and 360y«.g NO^ -N/l respectively. Especially when 2.0yctg 
NO^ -N/l was observed, the flow rate of Macquarie Rivulet 
was very low, therefore this suggests that the effect of 
rainfall which might release nitrate-nitrogen from 
pastures in the catchment area is significant.
Although there was no data available relating to 
the flow rate on 17/4/74, the high values of 260 and 360 g 
NO^ -N/l for Mullet Creek and Macquarie Rivulet respect­
ively may suggest that their waters can carry a lot of 
nitrate-nitrogen into the lake on some occasions.
Some other creeks such as Brooks, Madigan (tentat­
ive name) Creek and Trumper (tentative name) Creek also 
have the possibility of becoming very high nitrogen 
supply sources to the lake. The nitrate and phosphate 
in these creeks are almost certainly derived from domestic 
wastes from these unsewered residential areas.
Nitrate-nitrogen in seawater ranged from 5.7 to
Figure 6
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Table 7
Phosphorus and nitrogen concentration
DATE - CONCENTRATION ( ŷ g/l)P04-P T0TAL-P N03 -n
Koong-Burry Creek* 18.9 43.5
6/2/73 Mullet Creek 7.4 13.7
Macquarie Rivulet 9.0 31.0
Mullet Creek 5.5 30.6 64
2/4/73 Brooks Creek 37.9 84 16.7
Vfollongong Harbour 4.7 13.5 9.4
Brooks Creek 65 103
9 / 5 / 1 3 Esplanade Creek* 250 270
Mullet Creek 9.4 22.4 54
Brooks Creek 133 150 48.0
Macquarie Rivulet 16.3 45.7 2.0
13/11/73 Horsley Creek 15.0 51 7.2
Madigan Creek* 490 510 1,200
Trumper Creek* 3,100 3,600 60
Wollongong Harbour 7.9 13.4 7.1
Mullet Creek 9.0 15.7 260
Brooks Creek 21.8 54 51
Macquarie Rivulet 2,8 12.0 360
17/4/74 Horsley Creek 7.9 44.0 ND
(1) Madigan Creek 81 390 200
(2) Madigan Creek 510 3,400 210
Trumper Creek 2,700 3,600 20.7
Berkeley Boat Harbour 24.3 45.0 104
Griffins Creek* 2.4 8.1
Berkeley Creek* 96 109
16/5/74 Windang Bridge 13.7 24.9
Berkeley Boat Harbour 116 136
Griffins Bay 27.0 44.4
Wollongong Harbour 12.0 17.4
* Tentative name
(1) collected from the drainage (saline water)
(2) collected directly frcm a pipe (fresh water)
62
9 2 j j . g / 1 with the mean of 33 J i g / 1  as shown in Figure 7.
It can be recognised that in spring to summer the level 
in NO^ -N drops and in autumn to winter it is kept high, 
similar to the results obtained in the English Channel 
(0-25 m) by Cooper (1937b).
In summary: (1) Main nitrogen sources are the
same as the case of phosphorus: Macquarie Rivulet,
Mullet Creek and a number of small creeks and drains.
The nitrate content of Macquarie Rivulet is most probably 
derived from animal wastes and the nitrogenous fertil­
isers which are freely applied to the dairy pastures in 
its catchment. Some of the nitrate content of Mullet 
Creek is probably due to leached nitrogenous fertilizers 
applied to the golf course through which it flows. Such 
runoff is accentuated by heavy rain. The nitrate content 
of the smaller creeks is probably derived from domestic 
wastes, since many of these residential areas are still 
unsewered.
(2) The level of nitrate-nitrogen in the lake proper 
stays quite low throughout the seasons. Hence this relat­
ively low level of nitrogen is a limiting factor in terms 
of eutrophication as mentioned previously in the phosph­
orus chapter.
(3) However, the nitrogen level in some areas where 
nuisance algae growth is observed is apparently high 
enough to create eutrophication. These areas are largely 
restricted to very shallow water adjacent to the mouths 
of nutrient rich creeks.
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(4) Although ammonia and nitrite-nitrogen were not 
measured, there is some possibility that these forms 
may exist to some extent in the lake water when the mag­
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2.2 Salinity
(1) Objectives of salinity monitoring
The objectives of the salinity monitoring program des­
cribed below were as follows:
To determine the range and rate of variation of sal­
inity levels in the various parts of the lake for possible 
future correlation with weed distribution and other biolog­
ical studies.
To study the circulation of water within the lake us­
ing salinity variations as a marker.
To study the lateral range of influence of fresh 
water discharge from Macquarie Rivulet and other creeks 
entering the lake.
To determine vertical mixing times at different points 
in the lake.
(2) Ecological effects of salinity
Organisms which inhabit a coastal lagoon such as 
Lake Illawarra must be able to cope with changes in osmotic 
pressure caused by salinity change as well as those in 
other parameters which may take place when its ecological 
system converts to a different state as a result of the 
changes in the external conditions surrounding the lake.
In order to achieve this, there are several different 
types of regulatory mechanisms possessed by these organ­
isms. Some discharge excess water as fast as it enters 
the body by kidney, flame cells and contractile vacuoles. 
Some are equipped with a mechanism with which they can
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increase internal hydrostatic pressure, especially by 
strong contractions. Another method is salt retention. A 
typical solution for estuarine animals such as snails, 
clams, shrimp and crabs is to use the impermeability of 
their shells.
These adaptabilities of the organism are all temporary, 
so that if changes in salinity occur over a long term base, 
naturally only organisms that can accept such varying eco­
logical environment will survive.
Harris (1973) carried out an extensive survey of weed 
distribution (Figure 8) in Lake Illawarra in 1972, in 
which he found four major kinds of sea grass (benthic 
plants) : Zostera, Ruppia, Gracilaria and Lamprothamnion. 
The eastern side of the lake is occupied with significant 
growth of Zostera and Ruppia in contrast to the south west­
ern and north western sides, where the two main creeks 
flow into the lake with Gracilaria and Zostera the dominant 
species. . * .
Zostera is said to grow best in the salinity range 
close to 34% o  hut can tolerate a change in salinity from 
as lew as 3 % o  to 34%o« It has been proven that it could 
grow at depths up to 6 m below the surface, depending on 
the turbidity and that it grows best on reducing muds 
containing hydrogen sulphide.
The effects of Zostera growth on the lake environment 
were summarised as follows: it inhibits the flow of water; 
it provides reducing substances which may be essential to 
the growth of certain bacteria and the dead leaves release
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Figure 8
Distribution of benthic plants and algal blooms
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nutrients to the lake.
Ruppia can grow and flower in water varying from 
fresh water to hypersaline water up to twice the salinity 
of seawater and can tolerate swift changes in salinity.
Gessner and Schramm (1972) reported that most algae 
showed a higher tolerance of subnormal than supranormal 
salinities, especially surface algae which tend to have 
higher osmotic resistance range than deep water algae.
Not only the magnitude of changes in salinity is important, 
but also its exposure time and the rate of changes in 
salinity are said to be important in algae ecology. The 
maximum tolerance of intertidal marine algae to changes 
in salinity is reported to range from 0.3 to 2.2 times 
seawater while their osmoconcentration ranges from 1.3 
to 1.5 times. Generally resistance of algae to heat and 
desiccation increase with increase in salinity.
Growth of Enteromorpha (the most common algae in Lake 
Illawarra) was observed during the winter around almost 
every creek and large drain which entered the lake accord­
ing to the survey conducted by Harris.
(3) Salinity and its measurement
Salinity is defined as the mass of salts contained in 
1 kg of seawater. It is not a simple matter to measure 
accurately the solid residue obtained by evaporation of 
seawater, since errors arising from residual water of 
crystallisation or decomposition or volatilisation of 
some of the salts are difficult to control (Johnston, 1964).
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Therefore salinity has been derived by measuring chlorin- 
ity instead and assuming that the ratio among the various 
ions in seawater is constant the world over. Knudsen's 
equation (S=0.030 + 1.8050 Cl) was commonly used for this 
calculation. However, as the electrical conductivity 
method was developed, the conventional definition for the 
relationship between salinity and chlorinity was revised. 
Finally in 1962 a Joint Panel of Experts (UNESCO, 1962) 
sponsored by UNESCO and other bodies proposed the present 
relationship of S = 1.80655 x Cl.
Chlorinity is defined as the mass in grams of chloride, 
bromide and iodide in 1 kg of seawater. The concentrat­
ions of these ions in seawater of chlorinity 19.000%o are
-4 -70.535 M, 8 x 10 M and 2 x 10 M respectively (Johnston, 
1964) , but in practice the bromide and iodide are determined 
and expressed as chloride. Chlorinity is determined mainly 
by silver nitrate titration, though a method which uses 
mercuric salts instead of silver nitrate has been reported 
(Dumitru, 1958; Pasovskaya, 1959; Zinov'ev and Solov'eva, 
1960). Standard seawater supplied from the Hydrographical 
Laboratory in Copenhagen and of which the chlorinity is 
known, is used for the standardisation of silver nitrate.
The silver nitrate method, more familiarly known as
• "f" * ""the Mohr titration, utilises the reaction of Ag with Cl 
to give very slightly soluble silver chloride. Chromate 
ion is added as an adsorption indicator. A difficulty with 
this method which can cause error is that unreacted chlor­
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ide ion tends to be adsorbed on the precipitate of silver 
chloride and vigorous stirring is therefore required to 
ensure its release for titration. Various types of elect­
rodes have been used as an alternative way to detect the 
end point of the titration instead of the conventional 
redox indicators (Johnston, 1964; Orion Research Inc.,
1973).
The direct determination of salinity can be accomp­
lished by various methods based on the measurement of 
physical properties such as specific gravity (Cox et al, 
1970), refractive index (Rusby, 1967), velocity of sound 
(Pritchard, 1959) etc. However, electrochemical methods 
are thought to be most accurate and practical, and elect­
rical conductivity in particular has been used extensively 
in recent instruments since the measurement of electrical 
conductivity without touching electrodes directly with 
seawater, became feasible (Brown and Hamon, 1961). There 
are also some electrochemical methods which use selective 
electrodes (Mangelsdorf, 1967).
In the present project the salinity of the lake water 
was determined by a conventional titration method, using 
a silver ion selective electrode to detect the end point. 
Sodium chloride (A.R. grade) was used as a standard 
instead of standard seawater since our major aims were the 
examination of large salinity fluctuations due to rainfall, 
tidal action etc. and the elucidation of mixing mechanisms
for the lake water.
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(4) Related studies of salinity in coastal lagoons
It is known that the salinity of coastal lagoons 
changes markedly depending on their water budget, heat 
budget and so on. For instance in Tuggerah Lakes, N.S.W. 
the fluctuation in salinity was reported by Higginson 
(1 9 6 5 ) to range from 5 % o  in the wet season to 3 1 % 0 in a 
dry season. Spencer (1 9 5 9 )  showed that the salinity of 
surface water in Lake Macquarie fluctuated from 1 3 % Q to 
3 6 % o  within the rather short time of two to three weeks 
and also found that the salinity change of bottom water 
was less significant compared with that of surface water. 
The salinity of bottom water generally ranged from 29% c 
to 3 6 %  0 except an extreme case of 2 5 % c to 3 6 % G. In a 
further study of the same lake, McIntyre (1 9 6 8 ) found 
similar salinity fluctuations and also noted the existence 
of a salinity difference as much as 9 % o  between surface 
and bottom waters.
In the Gippsland lakes, which are coastal lagoons in 
Victoria, a salinity change from 0.8 3 % o in the spring 
(November) to 20.29%o in autumn (April) during 1958-9 was 
reported by Bird (1962). An isolated reading of 42% 0 
for Lake Illawarra was reported by Wood in 1967.
Thus it has been shown that the salinity level in 
the coastal lagoons mentioned above can vary very widely 
from as low as i % o  to more than the salinity of seawater 
and rainfall, rate of evaporation, circulation of water, 
flushing rate will all contribute to these observed 
fluctuations.
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(5) Seasonal fluctuation of salinity in Lake Illawarra
Water samples for salinity determination were coll­
ected from a boat at the same time as water temperatures 
were measured and samples for other determinations were 
collected. A sample of surface and of bottom water was 
collected at each of the ten stations on each sampling 
occasion. Total numbers of samples collected during the 
time period from 7/4/72 to 21/1/74 (25 times) were 
20 x 25 = 500. Besides these a seawater sample was taken 
for comparison purposes on each sampling occasion from 
outside a breakwater in Wollongong harbour.
Surface salinity (SALSURF), bottom salinity (SALBOTT), 
average salinity of surface and bottom water (SALAVER), 
difference between surface and bottom salinity (SALDIF) 
and ratio of surface to bottom salinity (SALRAT = SALSURF/ 
SALBOTT) on each occasion are summarised in Table 8. The 
maximum and minimum values of each term are listed in 
Table 9. From this it can be seen that there exist differ­
ences as much as 3-4 times between minimum and maximum 
values in terms of SALSURF, SALBOTT and SALAVER.
Mean values of ten data at each sampling time from 
7/4/72 to 21/1/74 in regard to the five terms mentioned 
above are shown in Table 10. To illustrate the seasonal 
fluctuations more clearly, these results were plotted in 
a graph together with rainfall in Figure 9. The rather 
remarkable change in salinity found in this investigation 
seemed to be due to the combined consequences of dilution
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by rainfall and enrichment by evaporation and the entry of 
seawater. In fact there exists a strong correlation bet­
ween rainfall and decrease of salinity in the lake water 
which will be referred to in more detail below.
For example the increase in salinity (SALAVER) which 
occurred over 20 days from 7/4/72 to 28/4/72 of 3.51%0 as 
a difference from 12.75°/00 to 16.26%0 has to be caused 
mainly by inflow of seawater, since the estimated increase 
in salinity due to evaporation only (5.5 cm/20 days) would 
be 0.38%o given the virtual absence of rainfall during 
this period. The amount of seawater necessary to raise 
the salinity level up to 16.26%0 from 13.13%0 by replac­
ing an equal volume of lake water is calculated to be 
6 39.4 x 10 m (if the salinity of the seawater is taken as 
35%o) or 0.25 x 10 m per tide. This figure (which 
does not allow for fresh water input from creeks) is equiv­
alent to 0.4% of the lake volume, which is similar to the 
mean flushing rate calculated previously, and is consist­
ent with the limited tidal penetration shown by that study.
The difference in salinity between surface and bottom 
waters ranged from as low as 0.07°/ooto 2.91°/0with the 
salinity of the bottom water being higher than that of 
surface water as expected from the difference in density. 
There seems to be no seasonal trend in regard to the 





STATION 12 : Wollongong Harbour
SALSURF : Salinity of surface water 
SALBOTT : Salinity of bottom water 
SALAVER : (SALSURF + SALBOTT)/2 
SALDIF : SALSURF - SALBOTT 
SALRAT : SALSURF/SALBOTT
. 7/4/72







2 12.16 13.11 12.63 - .94 .928
3 13.03 15.09 14.06 -2.06 .863
4 12.56 15.46 14.01 -2.89 .813
5 13.18 15.35 14.26 -2.17 .859
6 9.76 12.30 11.03 -2.58 .793
7 9.62 14.88 12.25 -5.26 .646
8 9.58 12.27 10.93 -2.69 .781
9 10.38 12.05 11.22 -1.67 .861
10 10.93 15.92 13.43 -4.99 .686
11 11.65 15.59 13.63 -3.95 .747
12 34.41
28/4
2 15.90 15.87 15.89 • o u> 1.002
3 16.05 17.76 16.90 -1.71 .904
4 15.10 15.83 15.46 - .72 .954
5 16.22 17.49 16.85 -1.26 .928
6 16.12 16.22 16.17 o 1—1 •1 .994
7 15.92 16.45 16.19 - .52 .968
8 15.05 15.05 15.05 oo• 1.000
9 15.68 15.75 15.71
00o•1 .995
10 16.05 16.07 16.06
COo•1 .998












































18.86 18.76 18.81 • ° 
!
1.005
18.99 18.89 18.94 .10 1.005
18.49 18.84 18.67 - .34 .982
18.86 18.96 18.91 O 1—1 •1 .995
18.86 18.74 18.80 • ro 1.007
18.81 18.64 18.73 .17 1.009
16.60 17.24 16.93 - .64 . .963
19.28 18.81 19.05 .47 1.025
19.53 19.21 19.37 .32 1.017
18.96 21.34 20.15 -2.38 .889
35.15
19.49 19.61 19.55 - .12 .994
19.73 22.02 20.88 -2.29 .896
19.44 20.46 19.95 -1.02 .950
19.46 19.83 19.65 - .37 .981
19.02 19.33 19.20 - .37 .981
17.57 19.24 18.41 -1.67 .913
17.55 17.68 17.62 - .15 .992
19.19 19.14 19.19 .05 1.003
19.56 21.26 20.41 -1.71 .920
20.46 23.31 21.89 -2.85 .878
35.11
22.33 22.19 22.26 .15 1.007
22.29 23.48 22.88 -1.19 .949
21.51 21.60 21.56 i • H* O .995
21.87 22.11 21.99 - .24 .989
22.16 22.07 22.12 .10 1.004
22.14 22.33 22.24 oCN•1 .991
21.56 21.51 21.53 .05 1.002
22.43 22.60 22.52 - .17 .992
22.43 22.38 22.41 LDO• 1.002












2 23.91 24.25 24.08 - .34 .986
3 23.99 24.01 23.10 - .02 .999
4 23.83 23.79 23.82 .05 1.002
5 23.77 23.78 23.77 .00 1.000
6 23.45 23.35 23.40 .10 1.004
7 23.60 23.57 23.59 .02 1.001
8 22.72 23.16 22.94 - .44 .981
9 23.31 . 23.35 23.34 - .05 .998
10 23.86 27.61 25.74 -3.74 .864
11 24.28 23.91 24.09 .36 1.015
12 35.03
14/9
2 25.90 25.76 25.83 .14 1.006
3 24.87 26.31 25.59 -1.45 .945
4 25.40 25.52 25.46 - .12 .995
5 25.59 25.85 25.72 - .27 .990
6 25.78 25.76 25.77 .02 1.001
7 25.90 25.78 25.70 .22 1.008
8 25.85 25.97 25.91 - .13 .995
9 25.93 26.05 25.89 - .13 .995
10 25.52 26.09 25.81 - .58 >978
11 25.20 25.28 25.24 - .07 .997
12 35.18
10/10
2 27.55 27.51 27.53 .05 1.002
3 27.72 27.34 27.53 .38 1.014
4 27.36 27.53 27.45 - .17 .994
5 27.48 27.43 27.46 .05 1.002
6 27.55 27.55 27.55 .00 1.000
7 27.53 27.55 27.54 - .02 .999
8 27.79 27.84 27.82 - .05 .998
9 28.13 28.06 28.09 .07 1.003
10 28.13 29.92 29.03 -1.80 .940












2 23.52 23.57 23.54 -  .05 .998
3 23.21 23.64 23.42 -  .43 .982
4 22.52 22.74 22.63 -  .21 .991
5 22.64 22.64 22.64 .00 1 . 0 0 0
6 22.78 22.74 22.76 .05 1.002
7 23.26 23.14 23.20 .12 1,005
8 22 .43 22.38 22.41
ino• 1 .002
9 22.93 23.54 23.23 -  .62 .974
10 25.03 24.98 25.01 .05 1.002
11 23.68 23.99 23.84 -  .31 .987
12 35.06
7 /12
2 26.30 26.30 26.30 • o o 1 . 0 0 0
3 26.54 26.44 26.49 .10 1.004
4 25.89 25.91 25.90 -  .02 .999
5 26.25 26.27 26.26 -  .02 .999
6 25.79 25.84 25.81 -  .05 .998
7 26.49 27.48 26.98 -  .99 .964
8 25.93 26 .01 25.97 i • o .997
9 26.66 26.66 26.66
oo• 1 . 0 0 0
10 26.47 ,26 .30 26.38 .17 1.006
11 26.42 26.88 26.65 -  .46 .983
12 34.99
6 /1 /7 3
2 30.73 31.02 30.87 -  .29 .991
3 30.58 30,71 30.65 -  .12 .996
4 29.96 29.72 29.84 .24 1.008
5 29.56 30.18 29.87 -  .62 .979
6 29.75 29.68 29.71 .07 1.002
7 30.04 30.01 30.02
04O• 1 . 0 0 1
8 30.83 30.80 30.81 .02 1 . 0 0 1
9 30.49 32.90 31.70 -2 .4 1 .927
10 . 30.32 30.99 30.66 -  .67 .978












2 32.62 32.66 32.64 -  .05 .999
3 30.97 32.07 31.52 -1 .1 0 .966
4 31.64 31.35 31.49 .29 1.009
5 30.56 30.68 30.62 -  .13 .996
6 30.90 31.35 31.12 -  .46 .986
7 31.47 31.71 31.59 -  .24 .992
8 30.94 31.16 31.05 -  .22 .993
9 30.75 30.73 30.74 .02 1.001
10 31.02 31.04 31.03 -  .02 .999
11 31.09 31.37 31.23 -  .29 .991
12 35.09
6 /3
2 25.07 25.01 25.04
ino• 1 .002
3 23.84 25.14 24.49 -1 .3 0 .948
4 21.60 24.06 22.83 -2 .4 6 .898
5 23.87 24.48 24.17 -  .61 .975
6 24.06 24.06 24.06 .00 1.000
7 24.06 24.45 24.26 -  .39 .984
8 21.62 24.06 22.84 -2 .4 4 .899
9 22.88 22.88 22.88
oo• 1 .000
10 24.58 24.65 24.56 .03 1 .001
11 25.31 26.56 25.93 -1 .2 5 .953
12 35.18
5/4
2 25.25 25.35 25.30 -  .10 .996
3 25.03 25.08 25.05 -  .05 .998
4 24 .81 24.86 24.83 -  .05 .998
5 24.96 25.13 25.04
i—1 •i .993
6 24.07 24.46 24.27 -  .39 .984
7 25.10 25.42 25.26 -  .32 .987
8 23.95 24.41 24.20 CM•1 .983
9 24.22 24.24 24.23
coo•1 .999
10 24.98 25.30 25.14 -  .32 .987




STATION SALSUEF°//o  o
SALBÖTT
°//o  o
SA IA V E R
°//o  o
SA L D IF
°//o  o
SALRAT
2 25.59 25.59 25.59 • O O 1.000
3 25.66 25.76 25.71 -  .10 .996
4 25.42 25.35 25.38 .07 1.003
5 26.01 25.98 25.99 .02 1.001
6 25.42 26.08 25.75 -  .66 .975
7 26.05 26.01 26.03 .05 1.002
8 24.78 25.13 24.96 -  .34 .986
9 25.93 25.88 25.91 .05 1.002
10 26.10 26.32 26.21 -  .22 .992
11 25.84 26.40 26.12 -  .56 .979
12 35.31
7 /6
2 27.58 27.58 27.58
oo• 1.000
3 27.70 27.73 27.72 -  .02 .999
4 27.66 27.68 27.67 -  .02 .999
5 27.66 27.75 27.70 -  .10 .997
6 . 27.53 27.51 27.52 .02 1.001
7 27.80 27.85 27.82 -  .05 .998
8 27.37 27.97 27.67 -  .60 .978
9 28.38 28.40 28.39 -  .02 .999
10 27.87 27.85 27.86 .02 1.001
11 27.56 27.56 27.56 .00 1.000
12 35.13
20/6
2 27.02 27.10 27.06 -  .07 .997
3 27.02 27.77 27.40 -  .74 .973
4 25.97 27.12 26.54 -1 .1 5 .957
5 26.86 27.10 26.98 -  .24 .991
6 25.68 26.83 26.25 -1 .1 5 .957
7 25.99 27.00 26.49 -1 .0 1 .963
8 24.13 26.30 25.22 -2 .1 7 .918
9 25.63 26.33 25.98 i • -j o .973
10 26.64 26.78 26.71 -  .14 .995












2 26.60 26.57 26.58 .02 1 .001
3 26.04 26.60 26.32 -  .56 .979
. 4 25.92 26.31 26 .11 -  .39 .985
5 26.40 26.57 26.49 -  .17 .994
6 8 .06 25.07 16.56 -1 7 .0 1 .321
7 26.23 26.50 26.36 -  .27 .990
8 25.00 25.51 25.25 -  .51 .980
9 25.72 25.89 25.81 -  .17 .993
10 25.65 26.40 26.03 -  .75 .972
11 26.57 26.45 26.51 .12 1.005
12 34.80
5 /8
2 27.12 27.26 27.19 -  .14 .995
3 26 .81 27.19 27.00 -  .38 .986
4 26.69 26.93 26.81 -  .24 .991
5 27.14 27.24 27.19 -  .10 .997
6 26.93 26.93 26.93 .00 1.000
7 27.12 27.31 27.22 -  .19 .993
8 26.40 26.67 26.54 -  .26 .990
9 26.84 26.86 26.85 -  .02 .999
10 27.07 .27.41 27.24 -  .33 .988
11 27.17 27.26 27.22 -  .10 .997
12 35.07
31/8
2 27.53 27.53 27.53
oo• 1 .000
3 27.51 27.63 27.57 -  .12 .996
4 27.41 27.44 27.43 -  .02 .999
5 27.60 27.63 27.61 -  .02 .999
6 27.37 27.46 27.41 -  .09 .997
7 27 .53 27.79 27.66 -  .26 .991
8 27.20 27.53 27.37 -  .33 .988
9 27.91 27.96 27.93 -  .05 .998
io 27.70 27.77 27.73 -  .07 .997












2 28.61 28.73 28.67 -  .12 .996
3 28.68 28.87 28.78 -  .19 .993
'  4 15.07 27.53 21.10 ” 12.46 .547
5 28.10 28.32 28.21 -  .22 .992
6 23.61 27.07 25.34 - 3.46 .872
7 27.82 28.71 28.26
cr\00•1 .969
8 28.75 28.95 28.85 -  .19 .993
9 28.10 28.63 28.37 -  .53 .982
10 28.68 30.98 29.83 - 2.30 .926
11 28.27 31.34 29.81 - 3.07 .902
12 35.10
23/10
2 27.68 27.65 27.67
CMO• 1.001
3 27.41 27.44 27.42 -  .02 .999
4 27.29 27.29 27.29
oo• 1.000
5 27.49 25.01 26.25 2.48 1.099
6 27.36 27.34 27.35 .02 1.001
7 27.29 24.99 26.14 2.31 1.092
8 27.05 27.10 27.07 -  .05 .998
9 27.58 ‘ 27.70 27.64 -  .12 .996
10 27.73 28.53 28.13 -  .80 .972
11 27.87 27.95 27.91 i • o .997
12 35.17
22 /11
2 27.77 27.81 27.79
ino#I .998
3 27.69 27.72 27.71 -  .02 .999
4 27.16 27.28 27.22 -  .12 .996
5 27.43 27.47 27.45 -  .05 .998
6 27.45 27.55 27.50 -  .10 .996
7 27.52 27.72 27.62 -  .19 .993
8 27.57 27.60 27.58 -  .02 .999
9 28.88 29.34 29.11 -  .46 .984
10 27 .81 27.79 27.80
CMO• 1.001












2 24.71 24 .71 24.71 .00 1.000
3 24.47 24.47 24.47 .00 1.000
• 4 22 .95 23 .81 23.38 -  .86 .964
5 24.15 24.15 24.15 .00 1.000
6 24.06 23.93 23.99 .12 1.005
7 24.64 24.59 24.62 .05 1.002
8 24.30 24.25 24.28 .05 1.002
9 24.42 24.35 24.39 .07 1.003
10 24.62 24.57 24.59 .05 1.002
11 24.74 24.91 24.82 -  .17 .993
12 34.95
2 1 /1 /7 4
2 23.01 22.79 22.90 .22 1.010
3 21.13 22.96 22.04 -1 .8 3 .920
4 21.96 22.01 21.98 -  .05 .998
5 22.13 22.59 22.36 -  .46 .979
6 20.73 20.49 20.61 .25 1.012
7 21.84 22.72 22.28 -  .88 .961
8 23.72 23.40 23.56 .32
1.014
9 23.08 23.01 23.05 .07 1.003
10 22.40 22.98 22.69 -  .59
.974
11 22.62 22.64 22.63
-  .02 .999
12 34.51
Table 9
Minimum and maximum values
SALSUKF SALBOÌT SAIAVER SALDIF SALRAT
DATE 1 1 /7 /7 3 7 /4 /7 2 7 /4 /7 2 * 1 1 /7 /7 3
STATION 6 9 8 6
MINIMUM 8.06°/oo 1 2 .0 5 % o 1 0 .9 3 % o 0 .0 0 .321
DATE 6 /2 /7 3 6 /1 /7 3 6 /2 /7 3 1 1 /7 /7 3 2 3 /10 /7 3
STATION 2 9 2 6 5
MAXIMUM 3 2 .6 2 % 0 3 2 .9 0 % o 3 2 .6 4 % 0 -1 7 .0 1 %  o 1.099











7/4/72 11.29 14.20 12.75 - 2.91 0.795
28/4 15.85 16.67 16.26 - 0.32 0.951
30/5 18.73 18.94 18.84 - 0.21 0.989
19/6 19.15 20.20 19.68 - 1.05 0.948
29/7 22.11 22.26 22.19 - 0.15 0.993
25/8 23.67 24.08 23.88 - 0.41 0.983
14/9 25.60 25.84 25.72 - 0.24 0.991
10/10 27.73 27.96 27.85 - 0.23 0.992
14/11 23.20 23.34 23.27 - 0.14 0.994
7/12 26.27 26.41 26.34 - 0.14 0.995
6/1/73 30.29 30.88 30.59 - 0.59 0.981
6/2 31.19 31.41 31.30 - 0.22 0.993
6/3 23.69 24.53 24.11 -r 0.84 0.966
5/4 24.77 25.21 24.99 - 0.44 0.983
8/5 25.68 25.85 25.77 - 0.17 0.993
7/6 27.71 27.79 27.75 - 0.08 0.997
20/6 26.19 26.97 26.58 - 0.78 0.971
11/7 24.22 26.19 25.21 - 1.97 0.925
5/8 26.93 27.11 27.02 - 0.18 0.993
31/8 27,55 27.64 27.60 - 0.09 0.997
25/9 26.57 28.91 27.74 - 2.34 0.919
23/10 27.48 27.10 27.29 0.38 1.014
22/11 27.71 27.84 27.78 - 0.13 0.995
20/12 24.31 24,38 24.35 - 0.07 0.997
21/1/74 22.26 22.56 22.41 - 0.30 0.987
MIN. 11.29 14.20 12.75 - 2.91 0.795
MAX. 31.19 31.41 31.30 0.38 1.014
OVERALL
MEAN 24.41 24.97 24.69 - 0.56 0.974









(6) Overall means at each sampling station
The overall mean at each station was calculated as 
shown in Table 11 and Figure 10 was prepared from that.
Each figure is a mean of 25 data from 27/4/72 to 21/1/74. 
Station 6 has the lowest surface salinity and station 4 the 
next lowest followed by station 8. The reason for the low 
salinities observed at stations 4 and 6 is that both stat­
ions are located close to major creeks (Macquarie Rivulet 
and Mullet Creek respectively), the fresh water flow from 
which reduces the salinity of the lake waters in their 
vicinity.
In the case of SALBOTT, the salinity at the above- 
mentioned stations is rather closer to the salinity level 
at the other stations. The average salinity level tends 
to increase in all stations in proportion to their 
proximity to the channel connecting the lake to the sea.
In particular stations 10 and 11 are noticeably higher in 
mean salinity than the others.
The values of SALDIF at stations 4, 6 and 11 are 
approximately the same, i.e. about 1 % 0. The difference 
arises from entry of surface fresh water at stations 4 
and 6 and of bottom seawater at station 11.
The mode of scattering in the observed data was 
investigated to clarify the mechanism and extent of the 
mixing of water in the lake. The homogeneity of the water 
at individual stations is shown in Table 12 which is a 
calculated result for the standard deviation of 10 data
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from the stations on each sampling occasion. The magnitude 
of the standard deviation is proportional to the extent of 
fluctuation of the data in its group. The maximum and 
minimum values in all the data are shown in the lower part 
of the table.
Though it is not necessarily correct to compare two 
data groups which have different magnitudes of the para­
meter being studied (for example SALSURF vs. SALBOTT), the 
number of occasions in which the fluctuation exceeded one 
standard deviation was much greater in the case of SALSURF 
than for SALBOTT. Variations greater than one S.D. occurred 
on eight occasions out of 25 in the case of SALSURF and only 
four occasions in SALBOTT. On two of the above eight 
occasions the deviation in SALSURF exceeded 4.0 S.D. (on 
11/7/73 and 25/9/73). The occurrence of this very high 
deviation on 11/7/73 can be explained by a very low value 
of SALSURF at station 6, which was only one third of SAL­
SURF for the other stations. Similarly in the case of 
25/9/73, its very high deviation was caused by the low 
surface salinity at stations 4 and 6.
If these two values are removed, the mean standard 
deviations for SALSURF and SALBOTT are 0.57 and 0.78%o 
respectively, i.e. the fluctuation in salinity among the 
ten stations on any given occasion is smaller in the sur­
face water than the bottom water, but the overall changes 
in mean surface salinity with time are much greater than 
for the bottom salinity. For example the standard deviat-
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ion of 1.42%0 on 7/4/72 has dropped to as low as 0.45%o 
in the surface water on 28/4/72 during a period of no 
rainfall, however with respect to bottom water no notice­
able change in this figure has occurred.
The standard deviation (S.D.) at each station is shown 
in Table 13. Each value was calculated from the 25 data 
collected from 7/4/72 to 21/1/74.
In regard to SALSURF, the highest value for the S.D. 
appears at station 6 and the second highest one at station 
8. The observation at station 6 can be expected from its 
close location to Mullet Creek, and that at station 8 (which 
has no nearby creeks) by its isolated location from the 
main body of the lake and its sheltered position from wind 
induced vertical mixing. The fairly high standard deviat­
ions in SALBOTT at stations 8 and 9 may be attributed to 
their shallow depths. The lowest S.D. figure for SALBOTT 
is at station 11, with comparatively low ones at stations 
3, 4 and 5. Inflow of.seawater to the lake by tidal action 
would account for the low S.D. of SALBOTT at station 11.
In the case of SALAVER, stations 5, 11 and 3 give S.D. 
values less than 4.00%o.
Turning to SALDIF, stations 4 and 6 give extremely 
high S.D. values. This means that the difference between 
the surface and bottom salinities changes markedly every 
sampling occasion. The existence of two creeks is 
obviously responsible for this: if sampling is carried 
out just after rainfall, a low value for surface salinity '
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Table 11









2 24.91 24.97 24.94 -0.06 0.998
3 24.68 25.28 24.98 -0.60 0.976
4 23.74 24.66 24.20 -0.92 0.963
5 24.61 24.80 24.71 -0.19 0.992
6 23.37 24.39 23.88 -1.02 0.958
7 24.46 24.87 24.67 -0.41 0.984
8 23.95 24.40 24.18 -0.45 0.982
9 24.59 24.85 24.72 -0.26 0.989
10 24.83 25.56 25.19 -0.73 0.971
11 24.92 25.91 25.42 -0.99 0.962
Sea 35.06
Each figure represents the mean of 25 data 
except the case of seawater.
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7/4/72 1.420 1.570 1.321 1.407 0.087
28/4 0.446 1.474 0.907 1.207 0.061
30/5 0.797 0.995 0.802 0.823 0.040
19/6 0.918 1.623 1.215 1.023 0.046
29/7 0.351 0.545 0.414 0.394 0.017
25/8 0.432 1.284 0.750 1.193 0.043
14/9 0.365 0.296 0.230 0.479 0.018
10/10 0.288 . 0.821 0.530 0.623 0.021
14/11 0.767 0.780 0.764 0.245 0.010
7/12 0.303 0.496 0.373 0.342 0.013
6/1/73 0.438 1.153 0.733 0.948 0.029
6/2 0.590 0.605 0.569 0.369 0.012
6/3 1.289 0.950 1.019 0.987 0.041
5/4 0.491 1.011 0.701 0.749 0.027
8/5 0.403 0.404 0.380 0.269 0.010
7/6 0.273 0.259 0.249 0.188 0.007
20/6 0.914 0.439 0.643 0.635 0.024
11/7 5.700 0.526 3.062 5.294 0.211
5/8 0.247 0.240 0.235 0.127 0.005
31/8 0.202 0.164 0.175 0.115 0.004
25/9 4.321 1.333 2.581 3.774 0.137
23/10 0.245 1.177 0.652 1.090 0.043
22/11 0.462 0.573 0.515 0.144 0.005
20/12 0.529 0.345 0.423 0.288 0.012
21/1/74 0.907 0.812 0.793 0.669 0.029
MIN. 0.202 0.164 0.175 0.115 0.004
MAX. 5.700 1.623 3.062 5.294 0.211













2 4.392 4.317 4.354 0.217 0.015
3 4.189 3.765 3.964 0.761 0.039
4 4.616 3.849 4.066 2.475 0.094
5 4.073 3.719 3.883 0.721 0.037
6 5.427 4.221 4.560 3.372 0.138
7 4.682 4.001 4.314 1.200 0.074
8 4.859 4.563 4.698 0.769 0.047
9 4.555 4.561 4.549 0.589 0.031
10 4.390 4.019 4.161 1.260 0.067
11 4.278 3.687 3.939 1.312 0.066
Sea 0.210
Each figure represents the mean of 25 data.
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is obtained, otherwise the difference between surface and 
bottom salinity would be small. The lowest difference in 
surface and bottom salinities was recorded at station 2, 
but this is simply due to its shallow depth.
For comparison, the standard deviation of the inshore 
seawater salinity was only 0.21% o over the period of obser 
vation.
(7) Relationship between salinity and depth
The correlation between mean salinity and depth at 
each station was examined, with the result shown in Table 
14. A rather strong correlation was found for SALBOTT 
(2.5% level) and a less significant correlation (5%) for 
SALAVER. From this one might infer that more saline water 
tends to stay in the deeper parts of the lake as expected 
from the difference in density. However, when a similar 
calculation was conducted for the data group excluding 
stations 4 and 6 (which might be highly influenced by 
dilution with creek water) only slight correlation (5% 
level) was found for SALRAT and no meaningful relationship 
at all for the other terms.
(8) Rainfall and salinity
In order to clarify the effects of rainfall on salin­
ity, the relationship between rainfall and average salinity 
at each station was investigated. As shown in Table 15, 
salinity was correlated with the previous day's rainfall 
and for the average rainfall of the previous three, seven 
and ten days prior to the sampling day.














2 0.32 24.91 24.97 24.94 -0.06 0.998
3 0.91 ' 24.68 25.28 24.98 -0.60 0.976
4 0.50 23.74 24.66 24.20 -0.92 0.963
5 0.73 24.61 24.80 24.71 -0.19 0.992
6 0.27 23.37 24.39 23.88 -1.02 0.958
7 0.91 24.46 24.87 24.67 -0.41 0.984
8 0.45 23.95 24.40 24.18 -0.45 0.982
9 0.32 24.59 24.85 24.72 -0.26 0.989
10 0.96 24.83 25.56 25.19 -0.73 0.971
11 1.00 24.92 25.91 25.42 -0.99 0.962
Correlation coefficient
SALSURF SALBOTT SAIAVER SALDIF SALRAT
DEPTH 0.541 0.753(2-5) 0.682(5) -0.231 -0.271
( ) : significance level
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correlations with the rainfall of the previous day or three 
days, but correlations at the 2.5 to 5% significance level 
were apparent for all stations for the previous seven days 
rainfall excepting station 6. No correlation was found in 
the case of average rainfall for the previous ten days.
SALBOTT shows a similar trend to SALSURF, though its 
frequence decreases to only six stations out of ten. No 
correlation is found for the previous 10 days rainfall at 
any station. SALAVER naturally shows a similar trend to 
SALSURF and SALBOTT.
For SALDIF and SALRAT, a strong correlation (0.5%) 
with the previous day's rainfall was found for station 4. 
Furthermore, for the previous three days rainfall, six 
stations out of ten correlate at the 5% level and for the 
previous seven days rainfall, significant correlations at 
the 2.5% level are found for six stations. Correlation co­
efficients at stations 2, 7 and 8 are particularly high. 
However, when the previous ten days rainfall is considered 
a relatively high correlation is noticed only at station 8.
The correlation coefficients between a series of aver­
ages (n=25) at SALSURF, SALBOTT, SALAVER, SALDIF and SALRAT 
at each sampling time and rainfalls of the previous day and 
average rainfalls for the previous three, seven and ten days 
were calculated as in Table 16. Compared with the previous 
correlations for individual stations a weaker correlation 
was found for SALSURF, SALBOTT and SALAVER in the case of 
the previous seven days rainfall. However, for SALDIF and 
SALRAT strong correlations appear with the previous three and
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seven days rainfall, as in the previous case. The relat­
ionship between salinity and temperature in the lake water 
was also examined but no correlations at all were found.
The relationship between rainfall and salinity in Lake 
Illawarra can be summarised as follows:
(1) The salinity level in the lake at any given time is 
strongly related to the average rainfall during the previous 
seven days. The salinity of the surface water is more 
strongly affected by rainfall, judging from the frequency
of occurrence of significant correlations.
(2) At almost every station there is strong correlation 
between the difference in salinity of the surface and 
bottom waters and the average rainfall during the previous 
three days and previous seven days. This is particularly 
true*of stations 2, 7 and 8.
(3) The salinity parameter most sensitive to rainfall is 
SALDIF (and its derived function SALRAT). The maximum cor­
relation in this parameter is with the previous seven days 
rainfall. Presumably it takes more than a few days rain
to produce measurable stratification on the main body of 
the lake. If the time span is too long, rainfall induced 
stratification is removed by wind induced mixing.
(4) SALDIF at station 4 correlates most strongly with the 
previous day's rain, with the correlation becoming progress­
ively smaller for the previous three, seven and ten days. 
This suggests that the salinity at station 4 is dominated 
by fresh water discharge from Macquarie Rivulet and further 
that the response of Macquarie Rivulet to rainfall in its
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catchment is very rapid.
This inference was confirmed by studying the gauging 
station records in relation to the time of onset of rain 
in the catchment.
(5) Only station 8 shows a correlation with the previous 
ten days rainfall. This cannot be due to delayed input of 
creek water since the watershed is very close to the lake 
at all points around the bay. Presumably it arises from 
its isolation from the main body of the lake and its prot­
ection from strong winds.
(6) The lateral distribution of salinity after heavy 
rainfall is particularly interesting. When one recalls 
that all of the major creeks entering the lake are on its 
western boundary one would expect the salinity on the west­
ern side to be much lower than the eastern side. In fact, 
as shown in Table 17, there is a relatively slight differ­
ence between SALAVER of the western sampling stations
(4-7 inclusive) and those on the eastern side (2, 3 and 
8-11), even a few days after heavy rain e.g. April-May 
1972.
Since tidal action does not provide a lateral mixing 
mechanism, some other explanation must be found. One 
possibility is that the rush of fresh water from the 
Macquarie Rivulet and Mullet Creeks tends to flow east­
ward over the top of the saline water in the lake, with 
only limited vertical mixing initially. Vertical mixing 
of this layer of water with the underlying saline water
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Table 15
Correlation between rainfall and 
salinity
Previous day (rainfall) vs.
STATION SALSUEF SALBOTT SALAVER SAID IF SALRAT
2 0.029 0.044 0.037 -0.268 -0.264
3 0.061 0.052 0.057 0.079 0.022
4 -0.267 0.057 -0.125 0 . 5 S 8 y -0.594y
5 0.041 0.069 0.054 -0.124 -0.152
6 -0.045 0.022 -0.017 -0.100 -0.125
7 -0.008 0.071 0.029 -0.270 -0.253
8 0.032 0.058 0.045 -0.139 -0.203
9 0.041 0.073 0.057 -0.245 -0.285
10 0.017 0.092 0.053 -0.235 -0.236
11 0.008 0.102 0.052 -0.261 -0.237
Prev. 3 dclys vs.
2 -0.320 -0.295 ' -0.308 -o.eicf -0.720/
3 -0.320 -0.299 -0.312 -0.282
7$+-0.405
4 -0.423^ -0.250 -0.358 -0.401
//-0.516
5 -0.329 -0.271 -0.303 -0.460 -0.569̂
6 -0.322 -0.342 -0.350 -0.090 -0.203
7 -0.397 -0.254 -0.333 -0.699/ -0.747/
8 -0.363 -0.280 -0.324 -0.63c/ -0.780/
9 -0.385 -0.339 -0.363 -0.347
/-0.637
10 -0.383 -0.253 -0.325 -0.527 -0.660
11 -0.366 -0.289 -0.334 -0.382 -0.509^
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Prev. 7 days Vs.
STATION SALSURF SALBOTT SALAVER SAID IF SALRAT
2 -0.435’*’ -0.408^ -0.422**" -0.684/ -0.787/
3 -0.413*** -0.398**" -0.407*^ -0.309 -0.446**
4 -0.401** -0.336 -0.387 -0.226 -0.355
5 -0.412 -0.353 -0.385 -0.504’* -0.623*
6 -0.373 -0.416’** -0.415** -0.079 -0.201
7 -0.494 -0.352 -0.432 -0.756^ -0.805*
8 -0.498^ -0.399 -0.451 -0.782* -0.895X
9 “0.499** -7$̂'-0.446 yy~-0.474 -0.407 -0.707^
10 -0.489 -0.372 -0.438 -0.518 -0.680^
11 -0.475 -0.419*** -0.454** -0.370 -0.534
Prev. 10 days vs.
2 0.092 0.103 0.097 -0.199 -0.243
3 0.026 0.095 0.058 -0.327 -0.276
4 0.055 0.102 0.080 -0.056 -0.106
5 0.030 0.071 0.050 -0.197 -0.218
6 0.074 0.056 0.070 0.049 0.010
7 0.012 0.089 0.048 -0.250 -0.258
//8 -0.025 0.060 0.016 -0.514 -0.462
9 -0.036 -0.033 -0.035 -0.025 -0.165
10 0.005 0.040 0.022 -0.111 -0.183
11 0.033 0.046 0.039 -0.019 -0.084
significance level; /  z 0.5% ; z' s 1%
z 2.5% ; fr : 5%
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Table 16
Correlation between rainfall and 
salinity
SALSURF SALBOTT SAIAVER SALDIF SALRAT
PREV. DAY -0.012 0.064 0.025 -0.409* -0.352
PREV. 3 DAYS -0.378 -0.292 -0.338 - 0 . 6 1 / -0.734/
PREV. 7 DAYS -0.469* ' -0.396 -0.436 -0.589/ -0.742/
PREV.10 DAYS 0.028 0.062 0.045 -0.169 -0.222
significance level; / : 0. 5% ; 7̂  : 2.5%
: 5%
Table 17
Comparison of salinity between the western 
and eastern sides of the lake
WESTERN SIDE EASTERN SIDE
STATION SALINITY STATION SALINITY
°/oo 0//oo
4 24.20 2 24.94
5 24.70 3 24.98
6 23.88 ‘ 8 24.17
7 24.67 9 24.72
10 25.19
11 25.42
MEAN 24.36 MEAN 24.90
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then ensues until vertical salinity stratification 
disappears. If the depth of the lake was uniform from 
west to east one would still expect the western side to 
be much less saline than the east. In fact, the eastern 
side is much more shallow than the west, and so suffers 
a greater drop in mean salinity when mixed with a given 
volume of fresh water.
Similarly, the shallow water of the eastern side 
would be diluted much more by direct precipitation on the 
lake than the deeper water on the western side. Depending 
on its magnitude relative to creek water, direct precipit­
ation could largely eliminate the effect of creek water 
on the lateral distribution of salinity. Direct precip­
itation during the period 7/4/72 to 21/1/74 was 2,336 mm,
7 3or 7.76 x 10 m added to the volume of the lake. The
volume of water passing the Macquarie Rivulet gauging
• . 7 3station m  the same period was 3.96 x 10 m . If one assumes
that the input of all other creeks combined is equal to
7 3that of Macquarie Rivulet, total creek input 7.9 x 10 m . 
Therefore direct precipitation is nearly equal to creek 
input and would exert a substantial influence on the mean 
salinity of the lake.
(7) The statistical correlations between SALDIF and 
rainfall described above suggest that vertical mixing of 
the lake water occurs quite rapidly. This can be demon­
strated in a more direct manner by looking at the vertical 
salinity gradient for the lake and for individual sampling
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stations when sampled immediately after a period of heavy 
rainfall and subsequently during a period of low rainfall. 
These conditions were met several times during the. monit­
oring period. The re-establishment of vertical homogeneity 
for the lake as a whole during times of little rainfall is 
illustrated in Figure 9 for the periods April-May and June- 
July, 1972 and July-August and October, 1973. It is appar­
ent from this plot that even the deepest portions of the 
lake reach equilibrium in about 2-3 weeks.
On other occasions when heavy rain was followed/ 
accompanied by strong winds an even shorter mixing time is 
indicated e.g. October, 1972 had very heavy rainfall giving 
a large drop in mean salinity from ca. 28% 0 to 24% 0 but 
no stratification was detected when sampled in November, 
1972. In October, 1973, stratification was eliminated in 
less than 4 weeks even though some rain fell during that 
period. There is very little tendency to stratification 
in the summer, even after heavy rain presumably because of 
strong prevailing winds at that time of the year.
Some indication of the relative rates at which 
vertical mixing occurs in different parts of the lake can 
be found in Figure 11. This shows the change in salinity 
at each station during a 21 day period of low rainfall 
following some rain. The salinity gradient of the water 
at stations 7, 8 and 9, which are not subject to creek or 
tidal influence, has disappeared. It still persists at 
station 11 due to tidal action, and to a greatly reduced
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extent, at stations 3, 4 and 5, which reflect fresh water 
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(1) Objectives of temperature monitoring
The objectives of the temperature monitoring of the 
lake water were as follows:
To determine the range and the rate of variation of 
the lake water temperature in the various parts of the lake 
as a guide for further studies in the future,
To study the extent of the lateral and vertical mixing 
process of the lake water,
To investigate the relationships between the lake 
water temperature and other relevant influential factors,
To examine the effect of the thermal discharge from 
a power station on the lake water temperature.
(2) General trend
Both surface and bottom water temperatures as shown 
in Table 18 have been measured from 19/6/72 to 21/1/74 at 
intervals of approximately 3 weeks at the same ten stat­
ions as were used to monitor salinity (Figure 12). From 
these data the mean lake water temperatures in Table 19 
were calculated. Figure 13 shows fluctuation in seawater 
temperature.
The surface (TS) and bottom temperature (TB) are 
respectively the mean values of ten data collected from 
ten stations in the lake. TSB is (TS + TB)/2. The 
RATIO and DEFT are the means of TS/TB and (TS-TB) 
respectively.




ST : Sampling station in the lake
ST12 : Wollongong Harbour
TS : Surface water temperature (°C)
TB : Bottom water temperature (°C)
Lake water temperature
19/6/72 14/9 7/12 6/3
ST TS TB TS TB TS TB TS TB
2 13.6 13.7 15.0 14.4 21.3 21.3 23.4 23.4
3 13.8 14.9 15.0 14.5 21.2 21.0 23.8 24.5
4 14.0 14.6 14.7 14.8 22.3 22.4 23.6 24.1
5 14.0 13.7 14.9 14.4 21.7 21.6 24.7 24.9
6 14.9 14.3 15.6 15.6 22.2 22.1 23.4 24.4
7 13.8 13.8 14.5 14.1 20.9 20.9 24.4 24.2
8 13.9 13.8 13.0 12.8 21.7 21.6 22.8 23.5
9 13.2 13.3 15.0 13.9 22.9 22.9 23.2 23.2
10 13.5 14.0 14.4 14.3 21.5 21.4 23.4 23.0
.11 13.5 14.4 14.6 14.0 20.5 20.6 22.8 23.4
12 15.7 . 21.1 24.0
29/7 10/10 6/1/73 5/4
2 11.7 11.8 18.4 18.3 21.9 21.6 21.1 21.0
3 11.5 12.0 18.9 18.7 23.1 22.8 20.4 20.3
4 11.3 11.6 18.4 18.3 23.0 23.4 21.3 21.3
5 13.0 12.3 19.7 19.6 23.4 23.6 22.1 21.2
6 12.0 11.8 18.6 18.5 23.3 23.2 21.7 21.7
7 11.3 11.4 18.9 18.6 23.6 23.0 21.0 20.7
8 11.2 11.2 18.5 18.4 22.5 22.3 21.4 21.0
9 11.3 11.0 18.7 18.6 22.2 22.9 22.5 22.0
10 11.5 11.5 18.5 18.3 23.3 23.1 21.3 20.9
11 11.5 11.5 18.6 18.5 22.2 22.3 20.4 20.9
12 16.4 17.2 21.6 22.3
25/8 14/11 6/2 8/5
2 14.9 14.9 19.6 19.5 27.8 27.6 18.1 17.9
3 14.8 14.7 20.3 20.5 28.6 28.9 17.9 17.7
4 15.6 15.6 20.6 20.7 29.9 29.3 18.2 18.0
5 14.9 15.0 21.0 20.9 29.5 28.7 19.0 17.9
6 16.0 16.0 19.9 19.8 28.3 28.3 18.2 17.9
7 14.4 14.4 20.2 19.9 28.2 27.5 18.6 17.5
8 15.4 15.4 19.4 19.2 27.4 27.3 17.4 16.9
9 15.1 15.1 18.8 18.8 27.6 27.4 17.8 17.4
10 14.4 15.1 20.2 20.1 27.8 27.7 17.8 17.6
11 14.4 14,4 19.0 19.3 27.4 27.2 17.8 17.4
12 16.1 19.1 20.1 19.4
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Table 19











19/6/72 13.8 14.0 13.9 .98 0.4
29/7 11.6 11.6 11.6 1.00 0.2
25/8 15.0 15.1 15.0 .99 0.1
14/9 14.7 14.3 14.5 1.03 0.4
10/10 18.7 18.6 18.6 1.01 0.1
14/11 19.9 19.9 19.9 1.00 0.2
7/12 21.6 21.6 21.6 1.00 0.1
6/1/73 22.8 22.8 22.8 1.00 0.3
6/2 28.2 28.0 28.1 1.01 0.3
6/3 23.5 23.9 23.7 .99 0.4
5/4 21.3 21.1 21.2 1.01 0.3
8/5 18.1 17.6 17.8 1.03 0.5
7/6 12.3 12.1 12.2 1.02 0.3
20/6 13.3 13.2 13.3 1.01 0.4
11/7 13.9 13.8 13.8 1.01 0.2
5/8 13.7 13.6 13.7 1.01 0.2
31/8 15.0 15.0 15.0 1.00 0.1
25/9 19.0 18.5 18.8 1.03 0.5
23/10 20.6 20.3 20.4 1.02 0.4
22/11 21.3 21.1 * 21.2 1.01 0.3
20/12 23.2 23.1 23.1 1.00 0.1
21/1/74 26.0 25.2 25.6 1.03 0.8
MEAN 18.5 18.4 18.4 1.01 0.3
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recorded for the lake was 28.2°C (6/2/1973) and the lowest
11.6°C (29/7/1972). The difference (DEFT) between the 
temperature of surface and bottom ranges from 0.1 to 0.8°C 
with a mean of 0.3°C. A fairly high daily maximum and 
high average atmospheric temperature had lasted for about 
one week before the particular day when the maximum lake 
water temperature of 28.2°C was observed, indeed on that 
same day a daily maximum of 38.6°C atmospheric temperature 
(the highest in 1973) was recorded. This observation is 
in conformity with the close relationship between air temp­
erature and the lake water temperature as illustrated in 
Figure 14 and 15, that is, the importance of air temperat­
ure in the heat budget for the lake is obvious from this 
fact.
In general the lake temperature is higher than that 
of the sea in late spring to summer and lower at other times. 
The RATIO and DEFT in temperature between surface and 
bottom water are quite small, and they seem not to be 
related to any seasonal or periodic tendency.
(3) Standard deviation of mean temperature
To estimate the lateral and vertical fluctuation of 
temperature data from ten stations, standard deviations 
for TS, TB, TSB, RATIO and DEFT (Table 20) were calcul­
ated by using the temperature data as listed in Table 18.
The maximum standard deviation is 1.4°C for a group of 
bottom temperature (21/1/74). However, values which are 
over 1.0°C appear in only 6 groups of temperature data, 
mainly surface temperature.
11
The high value on 7/6/73 was brought about by rather 
big difference in temperature (1.5°C) between surface and 
bottom waters at station 5 and quite low mean temperature 
of both surface and bottom waters at station 8 which is 
as much as 2.0°C lower compared with the lake average for 
that time. In case of the value on 25/9/73, a surface 
temperature at station 4 which is 2.2°C higher than that 
of bottom and high temperatures at station 5 and 6 have 
caused this high standard deviation. The low salinity 
level found for the lake water near station 4 and 6 
suggests that the creek waters were mixing to a consider­
able extent with the upper layer of the lake water. In 
addition the dominant wind direction at that time was NNE 
to NE. It may be concluded that the thermal discharge 
from the power station and the heat carried by creek 
waters have led to this consequence with wind pushing 
warm water from the power station outlet to the south 
western side or near station 4.
The mean of surface and bottom water temperature at 
station 5 on 22/11/73 is 1.7°C higher than the mean of ten 
data from the ten stations and its difference from the 
lowest (station 9) is 4.1°C. This rather big difference 
has caused a big standard deviation. The high temperature 
observed at station 5 is obviously due to thermal 
discharge from the power station if the temperature 
distribution at other stations is taken into consideration. 














19/6/72 0.457 0.488 0.389 0.037 0.374
29/7 0.536 0.381 0.435 0.028 0.235
25/8 0.545 0.508 0.514 0.015 0.218
14/9 0.678 0.710 0.671 0.025 0.328
10/10 0.388 0.385 0.385 0.004 0.070
14/11 0.699 0.688 0.688 0.009 0.097
7/12 0.708 0.709 0.707 0.004 0.067
6/1/73 0.599 0.604 0.566 0.018 0.211
6/2 0.862 0.750 0.790 0.012 0.278
6/3 0.617 0.640 0.586 0.019 0.330
5/4 0.666 0.485 0.552 0.018 0.282
8/5 0.457 0.336 0.360 0.020 0.353
7/6 1.054 0.764 0.885 0.041 0.453
20/6 0.741 0.398 0.532 0.040 0.339
11/7 0.437 0.365 0.385 0.017 0.175
5/8 0.403 0.343 0.360 0.015 0.170
31/8 0.583 0.694 0.631 0.014 0.165
25/9 1.039 0.732 0.844 0.032 0.620
23/10 0.673 0.730 0.692 0.012 0.246
22/11 1.057 0.649 0.844 0.022 0.395
20/12 0.367 0.398 0.378 0.005 0.079
21/1/74 1.379 1.437 1.389 0.019 0.469
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At times the creeks may outweigh its effect, e.g. on 
21/1/74 the temperature at station 4 and 6 (mean) are 
respectively 2.0 and 2.8°C higher than the mean of ten 
data. As the temperature at station 5 which is near the 
power station, is approximately the same level as the 
others except the two stations mentioned previously, it is 
considered that these high temperatures would be caused by 
entry of creek water.
(4) Mean temperature and surface/bottom ratio
Table 21 indicates the overall mean temperatures and 
ratio of surface temperature to bottom temperature at each 
station which were calculated from the original data 
mentioned previously (19/6/72 to 21/1/74, 22 times). On 
surface temperature, station 5 positions the highest 
(19.3°C) out of ten stations, then station 4 and 6 (both 
19.1°C) follows• The lowest (17.9°C) occurs at station 8. 
Difference between the highest and the lowest is 1.4°C.
On the mean of surface and bottom temperatures, 
station 6 gives the highest and station 4 and 5 follow 
with very little difference.
On the ratio there is no remarkable difference among 
the stations a.nd are no values which are smaller than 
1.00, i.e. surface temperature is always higher than 
bottom one. ¿Station 5 gives the highest (1.03) and its 
surface temperature is 2.6% higher than bottom one.
The reason the temperature at station 5, 4 and 6 are 
fairly high in comparison with the others may be
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explained by the facts that station 5 is located near 
Tallawarra power station which used lake water as coolant 
and that two major creeks (Macquarie Rivulet and Mullet 
Creek) have their outlet near station 4 and 6 respectively. 
The low temperature at station 8 derives from its geograph­
ical situation. Station 8 is slightly different from the 
other stations in geographical and hydrological point of 
view: it is located in the middle of a small bay
(Griffins Bay) which is separated from the main body of 
the lake by shallow water and weed beds except for a 
narrow channel at the northern side. Even though the bay 
is exposed to N.E. winds, small weed beds isolate it from 
the rest of the lake. There are no significant creeks 
entering this bay and it cannot feel any thermal effect 
from the power station or from tides. Therefore it exhibits 
to an even greater degree the trend shown by the lake as 
a whole, i.e. a mean temperature lower than that of the sea.
With regard to the ratio of surface/bottom temperat­
ure, station 5 has a larger value than station 7, 10 and 
11 though its depth is smaller than theirs. This 
suggests that the thermal discharge from the power station 
tends to form an upper layer over the lake. This phenom­
enon has been shown in other cases of power station water 
coolant (Ochiai, 1973)• There is no significant diverg­
ence from 1.00 in station 4 and 6. This may reflect the 
shallow depth around these stations.
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Table 21






2 18.4 18.2 18.3 1.01
3 18.5 18.4 18.5 1.01
4 19.1 19.0 19.0 1.00
5 19.3 18.8 19.0 1.03
6 19.1 19.0 19.1 1.01
7 18.4 18.1 18.3 1.02
8 17.9 17.9 17.9 1.00
9 18.2 18.1 18.2 1.01
10 18.2 18.1 18.2 1.01
11 18.1 18.1 18.1 1.00
Each figure represents mean of 





















Using the data regarding the mean temperatures, ratio 
and depth at each station, the correlation coefficients 
were computed between them as shown in Table 22. The 
absence of any correlation between depth and mean temper­
ature at each station may be attributed to such disturbing 
effects owing to the characteristically shallow water of 
the lake as wind, inflows of creek waters and sea owing to 
tidal action and the thermal discharge from the power 
station.
(5) Mean temperature vs. depth
Possible correlations between temperature (TSB), 
ratio (TS/TB) and difference (TS-TB) at each sampling time 
and the depth at each station were also considered as 
described in Table 23, significant correlations (<5% 
level) took place between TSB and depth in only 4 out of 
22 cases. The rare occurrence of significant correlation 
of stratification with depth is attributed to rapid 
vertical mixing of lake water by wind-induced wave action.
(6) Mean temperature vs. rainfall and windspeed
In order to test for relationships between temperat­
ure of lake water and rainfall, and maximum wind speed, 
correlation coefficients were calculated. As the temper­
ature data, TS, TB, TSB, RATIO and DEFT recorded over 22 
times were used, while the values observed on the previous 
day and mean values of previous three, seven and ten days 
were used as rainfall and windspeed data. Extreme caution 













19/6/72 0.042 -0.600 0.435
29/7 0.071 -0.235 -0.020
25/8 -0.776* -0.345 -0.453
14/9 -0.157 -0.031 -0.055
10/10 0.249 0.609 0.615
14/11 0.313 -0.281 0.649*
7/12 -0.728* -0.055 0.174
6/1/73 0.274 0.382 -0.047
6/2 -0.011 0.077 0.304
6/3 0.175 0.266 0.051
5/4 -0.682* -0.118 0.319
8/5 0.013 0.262 0.262
7/6 0.253 0.167 0.179
20/6 -0.384 -0.127 -0.408
11/7 0.029 0.717* 0.367
5/8 -0.273 0.634* 0.533
31/8 -0.534 0.427 -0.022
25/9 -0.659* • 0.076 0.046
23/10 -0.155 0.571 0.570
22/11 0.349 0.246 0.042
20/12 0.002 0.191 0.041
21/1/74 -0.540 0.087 0.055
significance level : // 1%; 





TS TB TSB RATIO DEFT
PR. DAY 0.117 0.105 0.113 0.284 0.192
A3 DAY 0.520^ 0 . 5 2 5 * * 0.524^ 0.017 0.181
A7 DAY 0.039 0.033 0.038 0.199 0.300
A10 DAY 0.563^ 0.573^ 0.569^ -0.090 0.239
MAXIMUM WINDSPEED
PR. DAY -0.109 -0.133 -0.121 0.489** 0.124
A3 DAY -0.002 -0.011 -0.007 0.241 -0.009
A7'DAY -0.126 -0.146 -0.137 0.466 0.041
A10 DAY -0.176 -0.200 -0.188 0 . 5 5 0 // 0.136
significance level : / / 1%; ^  2.5%; #  5%.
PR.DAY : previous day 
A3 DAY : mean of previous three days 
A7 DAY : mean of previous seven days 





RATE PR DAY A3 DAY A7 DAY A10 DAY
19/6/72 0.0 0.25 0.10 0.08
29/7 0.25 0.08 0.03 0.03
25/8 0.0 0.0 0.58 4.47
14/9 0.0 0.0 0.69 0.48
10/10 0.0 3.73 1.63 2.06
14/1.1 0.0 0.69 0.28 0.74
7/12 0.0 1.02 0.43 0.51
6/1/73 0.0 0.08 0.03 0.66
6/2 2.79 5.33 2.82 26.29
6/3 0.0 7.37 3.73 19.79
5/4 0.0 0.25 0.84 0.58
8/5 0.0 0.0 5.61 5.21
7/6 0.0 0.0 0.0 0.0
20/6 4.57 2.62 9.25 7.44
11/7 1.02 1.52 0.99 1.19
5/8 0.0 0.0 0.43 0.58
31/8 0.0 2.72 2.69 1.88
25/10 17.27 6.27 2.69 2.16
23/10 1.02 1.35 0.58 3.35
22/11 20.83 6.93 2.97 3.15
20/12 0.0 3.30 1.52 2.24
21/1/74 0.0 3.12 1.68 7.14
PR DAY : previous day; A3 DAY : mean of previous 
three days, A7 DAY : mean of previous seven days, 
A10 DAY : mean of previous 10 days.
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Table 26
Maximum v:ind speed 
____________________ Unit : km/h
SAMPLING
DATE PR DAY A3 DAY A7 DAY A10 DAY
19/6/72 14.8 13.0 23.5 25.6
29/7 31.5 52.4 48.0 51.7
25/8 29.6 32.8 34.1 32.2
14/9 94.5 61.1 59.1 53.4
10/10 25.9 25.4 39.7 36.5
14/11 48.2 50.0 52.4 46.7
7/12 37.1 35.2 40.6 42.4
6/1/73 27.8 49.5 48.4 42.6
6/2 33.4 46.9 42.4 37.2
6/3 35.2 51.3 38.7 35.9
5/4 29.6 29.6 33.4 34.5
8/5 64.9 57.4 66.5 56.6
7/6 59.3 60.6 50.0 48.0
20/6 18.5 20.4 38.4 37.6
11/7 24.1 34.7 41.3 36.9
5/8 50.0 48.7 45.2 42.2
31/8 66.7 69.9 48.4 42.1
25/9 38.9 35.2 39.7 41.5
23/10 37.1 ' 61.7 50.2 46.0
22/11 40.8 48.2 38.4 43.4
20/12 42.6 37.1 39.5 35.2
21/1/74 46.3 37.6 36.5 39.1
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relationships as the following result will show.
With regard to rainfall, there exists a strong 
correlation (1% level of significance) between TS, TB and 
TSB and mean value of previous ten days (Table 24, 25 and 
26) and less strong correlation (2.5% level) between TS,
TB and TSB and mean value of previous three days. But 
there is no correlation for the seven day mean.
In terms of windspeed strong correlation at 1% 
level was found between RATIO and mean value of previous 
ten days and less strong correlation at 5% level between 
RATIO and previous day.
(7) Air and lake water temperatures
Similarly the relationship between temperature of lake 
water and of air (daily mean) was examined to find out 
what sort of air temperature (that of the previous 
day, mean of previous three, seven or ten days) can be the 
most influential to the temperature of the lake water.
The number of data used is 23 (30/5/72 - 21/1/74).
Each represents the mean of 20 data (10 of TS and 10 of TB) 
from ten stations. Existence of quite strong correlation 
(all of them significant at 0.5% level) in any combination 
of air and water temperatures was noticed as shown in 
Figure 14 and 15. The statistical test was carried out to 
examine whether there is any significant difference among 
these four correlation coefficients. Consequently it was 
proven that there was no difference statistically while 
the correlation coefficient between lake water and mean air
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o : prev. 7days mean(7D) 0.958 
® : prev. Todays meandOD) 0.945
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temperature of previous seven days was the biggest as 
far as the magnitude of the figure is concerned. It is 
however, quite clear that the temperature of the lake 
water is heavily dependent upon air temperature.
(8) Mean temperature at each station vs. distance from
heat sources
In the previous section, the effect of thermal 
discharge from the power station on the distribution of 
water temperature in the lake was referred to briefly. 
Although the amount of heat to be discharged is not great 
in comparison with those due to solar radiation and 
advection of creek waters as described in the section on 
analytical heat budget, a definite influence can be 
demonstrated. However, as the heat is discharged into 
the lake in more constant way than the heat carried by 
creek waters, the temperature of discharged water is about 
10°C higher than that of lake water, and in addition the 
outlet of heated water clearly can be spotted, it may be 
reasonable to consider this thermal discharge as a signif­
icant heat source. Thus, while the creeks and tidal input 
may be a source of water which is either warmer or colder 
than that of the lake, the power station, since it draws 
its water from the lake, can only be a source of warmer 
water. Therefore the relationship between distance from 
the power station (the outlet of heated coolant) to each 
station and overall mean temperature (22 times, Table 21) 
including RATIO (TS/TB) at each station was examined as
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Strong correlation between distance and TS, TB and 
TSB respectively was found at 2.5% significant level, but 
there was no meaningful correlation between distance and 
RATIO even at 10% level. These negative coefficients mean 
that there is an inverse relationship between the temper­
ature at certain stations and its distance from the power 
station. In other words, this would suggest that the 
thermal discharge is one of the important heat sources in 
the lake. Besides this heat source the seawater carried 
by the tidal action to the lake could be another heat 
source. So a similar computation was conducted on the 
relationship between distance from the channel (the open­
ing of the lake to sea, Windang bridge) to each station 
and the temperature at each station. Since the sea may 
be either warmer or cooler than the lake, it is necessary 
to separate these circumstances before testing for a corr— 
elation of mean water temperature vs. distance from channel. 
Hence the comparison as shown in Table 28 was done to exam­
ine if warmer seawater which entered the lake by tidal act­
ion during the season when air temperature was comparatively 
low could be another heat source for the lake as the 
thermal discharge from the power station did. But it does 
not seem to have worked so, judging from very poor 
correlations among the data in both cases of lake temper­
ature ^  sea temperature.
The result shows that there is no significant
indicated in Table 27.
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correlation even at 10% level between them. This may be 
caused by the following: the amount of seawater brought 
by tidal action to the lake is small relative to the lake 
volume and/or the seawater may be heated up or cooled 
down, depending on air temperature before it reaches the 
entrance of the main part of the lake (near station 11) 
since the distance from it to the opening to sea is fairly 
far (about 2.4 km) and the channel is fairly shallow.
Although no direct influence of seawater entry on 
lake water temperature could be demonstrated, it was still 
possible that seawater entry could enhance the lake 
temperature gradient caused by the power station. Thus, 
if seawater temperature was less than that of the lake, 
its entry through a channel remote from the power station 
could enhance the temperature gradient from the power 
station to that point.
The temperatures described in Table 28 are the means 
of the two data groups, (n = 10 or 11) which represents 
either lake temperature > sea temperature or vice versa 
respectively. There is virtually no difference in 
correlation coefficient between these two sorted cases 
of temperature in the case of Tallawarra power station 
which is again indicative of the slight effect of seawater 
entry on the lake temperature.
(9) Mean temperatures (excluding station 6) vs. distance
from heat sources
Aiming to remove the direct effect of Mullet Creek *
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water on the temperature at station 6, similar calculat­
ions as those above were conducted using the data which 
excluded station 6. Although the correlation coefficients 
between distance (from power station and lake entrance) 
and TS, TB and TSB are improved slightly, the difference 
in the correlation coefficients between when the data 
including station 6 were used and when the data excluding 
it were used was not statistically significant.
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Table 27
















0.477 0.443 0.472 0.332
* : significant at 2.5% level
(1) : frcm Tallawarra power station




TS TB TSB RATIO
(1) DISTANCE (L>S) -0.729^ -0.71/ -0.729# -0.373
(1) DISTANCE (L<S) -0.712# -0.668# -0.718# -0.447
(2) DISTANCE (L>S) 0.554 0.488 0.514 0.441
(2) DISTANCE (L<S) 0.327 0.319 0.322 0.078
Significance level : 7̂  2.5%; #  5%;
(1) fran Tallawarra pcwer station
(2) frcm the channel
L>S : lake water temperature> seawater temperature 
L<S : lake water temperature< seawater temperature
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(10) Analytical heat budget
An alternative approach to quantifying the effect of 
Tallawarra power station in comparison to other heat 
sources for Lake Illawarra is to calculate the analytical 
heat budget for the lake. This takes into account all 
major thermal inputs to and outputs from the lake.
(a) Introduction
The temperature of the lake water at any given time 
is determined by the combined effects of heat input from 
external sources and heat discharge from the lake. Unlike 
some closed lakes located in inland areas or at high 
altitudes, Lake Illawarra is located near the sea and is 
rather strongly influenced by the external hydrological 
factors such as the creek waters and tidal action. Addit­
ionally as there is a power station which uses the lake 
water as a coolant, its effect on the temperature of the 
lake water has to be considered.
The energy balance in the heat budget of the lake may 
be given by the following equation:
(Gg + Qjj) ( Qr  + ^e Ss
+ Qadv + Qps = Q
Q is called the heat storage and has positive or negative 
values. It also can be expressed as the sum of Gw + Q m 'f 
is the heat storage in the lake water while Qm is the 
heat storage in the lake sediment. If Q is positive, it 
means that the lake stores heat, if negative, it means
that the lake loses heat.
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Annual heat budget is defined as the total amount
of heat that enters the lake and is calculated by adding 
all positive values of Q during the period. Efficiency of 
heat storage of the lake is judged from magnitude of Q^a 
in comparison of other lakes.
As incoming energy terms, solar radiation (Qg) and 
radiation from sky (QH) to water surface are two major 
sources of energy to lakes. is also an incoming energy
owing to atmospheric long-wave radiation.
On the other hand, the energy loss is caused by the 
following terms: reflection (QR) and scattering (Q o n  
water surface, long-wave radiation (Qw) from water surface, 
evaporation (QR) as latent heat and evaporated water body 
(Qe).
Both conductive heat transfer (Q ) between atmosphere 
and water surface and net advective heat transfer (Qa(̂ v) 
take positive or negative values depending upon various 
conditions such as atmospheric and water temperatures, 
rainfall, evaporation, tidal movement, thermal discharge 
from a power station and so on.
The net advective heat transfer (Qacjv) is the sum °f
heat transfers through the lake due to creek waters and
runoff (Q^ ) • direct precipitation (rainfall) on the lake
(Q ), inflow of seawater (Q. ) and outflow from thepr m . s
lake in tidal action (C> ) , and additionally due to the
difference between evaporation and total inflow to the
lake (Q...), Q is a heat income from the power station, dif ps
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The unit of all these terms is expressed in cal.cm. 
per time.
(b) Collection of temperature and meteorological data 
The relative humidity, dry bulb temperature and rain­
fall data used for the analytical heat budget calculation 
which follows were taken from the records of the University 
of Wollongong Climatological Station (Wheway, 1973, 1974, 
1975), situated 13 km NNW of the mid point of the lake.
Mean monthly air temperature was calculated from daily 
maximum and minimum and mean dry bulb temperature from
9 a.m. dry bulb temperature observation. The mean wet 
bulb temperature was taken from a table (Chemical Rubber 
Co., 1973) using mean dry bulb temperature and mean 
relative humidity data. Seawater temperature was measured 
outside a breakwater of Wollongong Harbour (Table 29).
(c) Calculation of terms in heat budget
a) Global radiation (Qg + QR)
The global radiation (Qg + QR) relevant to Lake 
Illawarra was interpolated for the 151°E., 34°S. location 
of Wollongong, N.S.W. from Sverdrup et al (1942).
b) Reflection and scattering (QR + Qy)
A 10% reduction in the incident radiation (Qg + QR) 
was introduced as an assumed value corresponding to loss 
due to reflection and scattering according to Walker (1973).
c) Net back radiation (Qw - Q^)
The radiation from the black-body follows the Stefan­
Boltzmann law. The radiation from the water surface
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Table 29
LAKE SE A  R . DRY WET R A IN - E V A P -
WATER WATER H U M I- BULB BULB FA LL O R A T -
* TEM P. TEM P. D IT Y  TEM P. TEM P. IO N
°C °C °C % °C °C cm cm
72’ 12 22.2 21.6 21.3
73' 1 22.4 22.9 22.3
2 22.3 25.5 21.5
3 20.9 23.7 22.5
4 19.5 21.2 21.0
5 16.3 17.9 19.2
6 13.3 13.4 17.3
7 13.9 13.8 16.6
8 13.6 13.8 16.8
9 16.6 17.6 17.2
10 17.8 19.8 17.2
11 19.4 22.3 19.5
12 21.5 22.8 19.9
74' 1 21.8 24.1 22.1
2 21.5 23.3 24.0
3 20.9 24.7 23.7
4 19.2 20.9 22.3
5 15.9 17.3 18.8
63 22.3 18.6 5.94 15.01
73 22.9 20.0 41.65 17.23
80 21.8 20.4 29.79 15.52
69 21.5 18.3 16.13 11.30
61 20.4 16.2 4.32 8.30
52 17.3 13.0 3.96 5.10
62 13.7 11.3 11.51 3.39
65 14.2 11.5 5.89 4.48
56 14.0 10.7 2.97 5.08
54 17.8 13.1 2.39 5.82
67 19.0 15.3 12.09 7.81
64 20.3 16.5 25.48 10.99
69 22.0 18.7 7.19 15.01
75 22.4 19.9 15.85 17.23
67 21.7 18.1 9.17 15.52
73 21.7 18.7 34.47 11.30
66 20.0 16.6 33.32 8.30
68 16.7 14.2 20.14 5.10
Air Temp, is monthly average
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differs slightly from that of the black-body. Anderson 
(1952) gives 97% for the difference between the water and 
the black-body. Meanwhile, the radiation from the atmos­
phere differs rather considerably from that of the black- 
body due to absorption and emission of certain wave 
lengths. Bolz and Fritz (1950) introduced an empirical 
equation with regard to the radiation of the atmosphere 
with 0.82 as a coefficient. The equation is also a 
function of the fraction of the sky covered by cloud and 
the vapor pressure of water. If these terms are neglected 
because of their insignificance, the effective net back 
radiation can be given in the following form:
Qw " Qa  = 1-189 x lO'7 (0.97 - 0.82 T^)
where T„tt and T are respectively the mean monthly lake KW i\A
water temperature and the mean monthly atmospheric temper­
ature in degree absolute,
d) Evaporation (QE)
When water evaporates, it carries the latent heat of 
vaporization. Heat used for vaporization is a significant 
term in the thermal budget. The following formula is used 
to calculate the latent heat of vaporization.
L = 596 — 0.52 Tw cal. gr.
Sverdrup et al (1942) pointed out that the effecc 
of the solid material dissolved in saline water on the 
latent heat is not significant compared with pure water.
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is the lake water temperature in degree centigrade.
The monthly evaporation (Q£) can be expressed in the 
following form:
Qe = f EL
-2 -1 cal. cm. month
-1
-3where density of water, gr.cm 
E= evaporation, cm. month ^
L=  latent heat of evaporation, cal. gr.
In this case the computation was carried out assuming that 
j> was one.
e) Advection of evaporation (Qe)
Advection is loss of heat brought with an evaporated 
water body. An alternative view is that this should be 
included in the conductive heat transfer (World Meteorol. 
Org.,1964). Generally this term is relatively small and 
is sometimes neglected. Advection is computed from the 
following equation:
Qe = c M E (Tw - V cal. cm.^ month ^
where c = thermal capacity, cal. gr-1 .-1
density of evaporated water, gr.
E = evaporation, cm. month
Tw= water temperature, °C
Tt3= wet-bulb air temperature, °C 13
cm-3
f) Net sensible heat transfer (Qg)
When air temperature is higher or lower than water 
temperature, the conductive heat transfer takes place from
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air to water or water to air. Therefore, Qg is proport­
ional to the product of heat transfer coefficient and temp­
erature gradient between air and water. In practice, 
besides the conventional method in which Qg is calculated 
from the Bowen ratio (R̂ ) using Q£ there are some empirical 
relations for estimation of Q proposed by Johnsson (1946) 
who used the wind profile as a main variable as well as 
the temperature gradient.
However, the traditional method was used here:*b = Qs / qe = °-61t(Tws - tah> /(pw - V ] p / 1000
where = temperature of water surface, °C
= air temperature at a standard height, °C 
= saturation water vapour pressure at 
Tws °C, mm Hg
Pw = water vapour pressure at the standard
height (calculated from relative humidity) 
at °C, mm Hg
P = atmospheric pressure, mm Hg
g) Sediment heat storage (Qm )
A part of the heat which is involved in overall heat 
transfer in the lake stores in sediment when water is 
warmer than sediment and some of it is supposed to be 
discharged to water when water is colder than sediment.
0 is important when a depth of a lake is shallow. 
Since the mean depth of Lake Illawarra is only 1.87 m, 
the effect of sediment on the heat budget of the lake is
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thought to be rather significant as in other lakes of 
similar depth (Walker, 1973; Neumann, 1953).
Seasonal change of temperature in a sediment follows 
the similar pattern of that for lake water, but some lag 
occurs as heat transfer is performed mainly by conductance 
in it and this process is rather slow (Hutchinson, 1957). 
Though there is no observed data available on the temper­
ature of the sediment in Lake Illawarra, an approximate 
value for this was obtained by using a series of lake water 
temperatures and other hydrological data.
For actual calculation of Q , some assumptions had to 
be made to simplify the procedure, i.e. (1) the temper­
ature of the lake water follows a sine or cosine curve,
(2) the sediment temperature changes in completely the 
same way as that of the lake water with the time delay 1.5 
month or tc/4 which was used by Walker (1973) .
The cosine function used to represent a water 
temperature of Lake Illawarra was determined by applying 
12 months data of the mean lake water temperature which 
were read from the smooth curve (Figure 16) manually drawn 
through the dispersed plots up to the 4th Fourier wave 
series and by determining their harmonic coefficients and 
phase angles in each term (harmonic analysis).
The general formula up to the 4th Fourier series (it 
is thought that up to the 4th term is enough) to show the 
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T = Tm + C1 cos ( 0 - 4?1) + C2 cos (20 - cj>2)
+ cos (3 0 - <£3) + c4 cos (40 - )
where T = base (mean) temperature, °C
Ci, C2, C2 , C4 : harmonie coefficient
4^, Ĉ >2 , 4>3, Cf>4 ; phase angle
If the temperature data observed from March, 1973 to 
February, 1974 is used in determination of entire equation, 
the following form can be obtained (Appendix 1):
T = 19.36 + 5.53 cos (30x + 41) + 0.49 cos (60x - 67)
+ 0.34 cos (90x + 76) + 0.06 cos (120x - 14)
The difference between the original temperature and 
the computed temperature by the use of up to the 2nd term 
of Fourier series and that of the 4th term as shown above 
is compared in Table 30. (x is the nth month). When a 
time lag of 1.5 month or Æ/4 is introduced in the equation, 
it will be expressed as follows:
T = 19.36 + 5.53 cos (30x - 4) + 0.49 cos (60x - 112)
+ 0.34 cos (90x + 31) + 0.06 cos (120x - 59)
In order to get the temperature difference which is 
essential for the calculation of heat storage of sediment, 
the next form has to be used (Walker, 1973, Neumann, 1953),
Q = -7=-2--- (Tm - T )
m s T z -  a ra n
cal.cm.^




TIME UP TO 2ND UP TO 4TH
Y. M. X Ty _ T2 T0-T2 y - T4 T,-T. --4_YL._
73' 3 0.0 23.7 23.73 0 23.91 +0.2
4 1.0 21.3 21.64 +0.3 21.34 0
5 2.0 18.5 18.60 +0.1 18.52 0
6 3.0 15.8 15.54 -0.3 15.97 +0.2
7 4.0 13.7 13.64 -0.1 • ‘ 13.75 * +0.1
8 5.0 13.4 13.64 -0.2 13.31 -0.1
9 6.0 15.2 15.38 +0.2 15.39 +0.2
10 7.0 18.5 18.04 -0.5 18.38 -0.1
11 8.0 20.8 20.71 -0.1 20.79 0
12 9.0 22.5 22.80 +0.3 22.56 +0.1
74' 1 10.0 24.0 24.11 +0.1 24.04 0
2 11.0 24.9 24.50 -0.4 24.82 -0.1
x : nth month T : lake water temperaturey
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n = 0, 1,-----, 11 (nth month)
Cm= thermal capacity of sediment (0.7 cal. cmT3 C~^
a = ]/w/2K = 5 x 10“3 cmT1
— ?K = thermal diffusivity of sediment (4.0 x 10
2 “lxcm. sec. )
w = 2 7L/3.16 x 10^ = 2 x 10 ^ sec.'*'
If all these values are substituted in the equation, 
the monthly heat storage of sediment (Q ) is expressed in 
the following simplified form:
Qm = 98.9 x AT cal. cm.^
where AT = T^ - T (monthly temperature change of
sediment)
Considering the accuracy of the data used and the 
assumptions made previously, the simplified form of the 
equation which contains up to the 2nd term of Fourier 
series was used to calculate the heat storage of sediment 
as shown in Table 31.
h) Heat carried by creek waters and runoff (Q^ )
This is calculated from the temperature and volume of 
these waters. Unfortunately as there is only limited 
amount of data concerning the water volume and its temper­
ature available, it is very difficult to estimate it 
exactly. Fresh water input from Macquarie Rivulet was 
taken from gauging station records (80 x 10 m per year) 
and the contribution from all other sources was set equal 
to this figure.
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The water temperature was estimated from atmospheric 
temperature data according to Hanya (1965).
The monthly heat input (Q^ ) from creek waters and 
the runoffs can be given by the following relation:
Q. = c p T. V / A  m  J c m  c / cal
-2 .U-1cm. month
where c = thermal capacity of creek water ( = 1) ,
cal. g r C  1
-3density of creek water (= 1), gr. cm. 
T^= temperature of creek water, °C
3V = volume of creek water and runoff, cm. c
month
A = lake area, cm.
i) Heat due to direct precipitation into lake (Q )
ir ■*"
Other than water entering the lake from creeks and 
runoff, the direct precipitation into the lake should be 
examined. Assuming that the temperature of the precipit­
ation is equal to that of the creek wate.r or mean dry bulb 
temperature, the monthly heat income owing to this can be 
calculated by this form:
Qpr c R TP




cal. gr."*" C *■
= density of precipitated water, gr. 
= monthly mean precipitation, cm.




j) Heat carried by seawater by its tidal action (Q. )
The tidal action occurs twice a day. The amount of
seawater entering the lake depends on the hydrostatic 
difference between sea and lake water level. The mean 
daily flushing rate of 1.6% per day calculated earlier was 
used although this value may change considerably depending 
upon the level of the lake water which is controlled by 
such factors as rainfall, evaporation, condition of lake 
entrance channel and so forth.
If the flushing rate of 1.6% is assumed to take place 
continuously during the whole period of observation regard­
less of these factors as mentioned above, the monthly heat 
income from sea will be expressed in the following form:
Q. = c p V T / A  m . s  Js s s '
where c = thermal capacity of seawater, cal. gr.^. C ^
-3= density of seawater, gr. cm.
3V = volume of seawater, cm. s
Tc = temperature of seawater, °C
2A = lake area, cm.
As c and above in seawater (35% 0) are respectively 
0.932 and 1.028, the product c^becomes 0.958.
k) Heat discharged into sea (Qq
The heat lost from the lake during ebb tides was 
calculated using the same tidal volume as before using 
the following formula: •
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Qo.l = c fl V1 Tl / A
where c = thermal capacity of lake water,
cal. gr.^ c""̂
—= density of lake water, gr. cmT 
= volume of lake water discharged, cm.
T1 = temperature of lake water, °C
2A = lake area, cm.
0.985 for lake water was used as c value.
1) Heat due to difference among volume lost by
evaporation and entering creek waters, runoff and 
direct precipitation on the lake (Q^f)
The level of the lake water changes owing to some 
parameters which control its water budget. When the level 
increases, the more lake water will be discharged into the 
sea. On the contrary, when the level decreases, the more 
seawater enters. Therefore, the difference between evapo­
ration and entering creek and runoff waters and direct 
precipitation on the lake which are thought to be three 
major controlling terms for the level becomes a driving 
force to promote discharge of the lake water or to accel­
erate inflow of seawater into the lake.
The energy transfer based on the discharge of the 
lake water or the inflow of seawater corresponding to the 
change of lake level can be given in the following 
expression!
Qdif c fa vd Td / A
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where c = thermal capacity of the lake water or 
seawater, cal. gr.^ °C~^
= density of the lake water or seawater,
-3gr. cm.
V, = (volume of creek and runoff waters + a
direct precipitation on the lake) - 
evaporation, cm. ̂
= temperature of the lake or seawater, °C 
A = lake area, cm.^
m) Heat discharged from the power station (Q )ps
Thermal discharge from a power station (Tallawarra 
power station, 320 MW) which is located near the station 
5 into the lake as heated cooling water also must be taken 
into consideration. To estimate its influence on the heat 
budget of the lake, some operating conditions such as the 
amount of power production, temperature increase and circul­
ation rate of cooling water are necessary to be known. 
However, as only limited data in connection with these are 
available, the calculated results would give rough idea 
about the thermal discharge from the power station. Though 
the amount of power production was assumed to be constant, 
in practice it seems that the production fluctuates day by 
day considerably perhaps depending upon some conditions 
such as weather, industrial need and steppage for mainten­
ance .
In computation 10°C was introduced as an average 
temperature increase for the whole season, summer or winter
3time (Coulter, et al 1972; Ochiai, 1973) and 0.04 m /sec.
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MW as an average rate of cooling water circulation.
Assuming power production is 100 MW/month, 307 cal.cmT2 
month 1 was introduced as the heat discharge from the 
power station.
(d) Results and discussion
Table 31 shows the seasonal variation of the thermal 
budget calculated for Lake Illawarra.
Owing to the seasonal change of zenith angle of the 
sun the solar radiation (Qg + Q ) fluctuates remarkably.
The ratio between maximum and minimum values of monthly 
solar radiation was computed at 3.4 (18600 / 5500), while 
the ratio of the radiation surplus Qg which is obtained by 
subtracting (QR + Q0) and (Qw - QA ) from (Qg + Q ) is as 
high as 9.5 (12300 / 1300). It is obvious that the drastic 
drop of the radiation surplus occurs over late autumn to 
winter time (Figure 17 and 18).
The seasonal fluctuation of Q seems to follow nearly
Xli
the similar pattern of (Qg + QR) and Qg respectively. its 
ratio between maximum and minimum values is 5.1 (10100 / 
2 0 0 0) .
Advected heat carried by evaporated water Qe is quite 
small in quantity.
If all terms of (3) to (8) are summed, several negat­
ive figures appear in over late summer to the beginning of 
winter.
Net sensible heat transfer Q is related to a diff-s
erence between lake water and air temperatures, relative
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Table 31
(1) (2) (3) (4) (5) (6) (7) (8)
i î— n  I T
(Qs+ Qh)- (qr+ V — (Qr 0)W A qb ~ q e "Qe
72 ’ 12 4500 200 18000 1800 4000 12200 8800 0
73* 1 1800 200 18600 1900 4400 12300 10100 100
2 -4100 100 14900 1500 5800 7600 9000 100
3 - 9 0 0  0 13400 1300 5200 6900 6600 100
4 -1000 -200 9500 1000 4500 4000 4900 0
5 -  600 -300 7100 700 4400 2000 3000 0
6 300 -300 5500 600 3600 1300 2000 0
7 100 -200 6300 600 3700 2000 2600 0
8 1200 -100 8300 800 3800 3700 3000 0
9 1800 100 10500 1100 4100 5300 3400 0
10 2900 200 14700 1500 4700 8500 4600 0
11 1600 200 16000 1600 4900 9500 6400 100
12 1600 200 18000 1800 4600 11600 8800 100
74' 1 -  100 200 18600 1900 5000 11700 10100 100
2 -1000 100 14900 1500 4400 9000 9100 100
3 -1800 0 13400 1300 5500 6600 6600 100
4 -1000 -200 9500 1000 4500 4000 4900 0
5 -  800 -300 7100 700 4300 2100 3000 0
'SUM' 4700 -100 142800 14400 53700 74700 64400 500
x 392 - 83 11900 1200 4475 6225- 5367 42
'SUM* : 73' 1 -12 , x : mean value | : heat inflow ! = heatoutflow
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(9) (10) (11) (12) (13) (14) (15) (16)
U i i  1 1 1 1
- Qs Q-in ^pr Qin .s -<2 i 0 .1 -<2d if Q
-  800 300 100 1900 2000 100 300 4700
800 2100 1000 2000 2100 2600 300 2000
2400 1400 600 1700 2100 2000 300 -4000
1400 800 300 2000 2200 900 300 -  900
700 200 100 1800 1900 100 300 -1200
400 100 100 1700 1600 100 300 -  900
0 300 200 1500 1200 400 300 0
-  100 200 100 1500 1300 200 300 -  100
100 100 0 1500 1300 100 300 1100
300 100 0 1500 1600 0 300 1900
900 500 200 1500 1800 600 300 3100
1300 1100 500 1700 2000 1500 300 1800
1200 300 200 1800 2100 200 300 1800
1900 800 400 2000 2200 800 300 100
1300 400 200 1900 1900 300 300 -  900
1700 1600 700 2100 2300 2400 . 300 -1800
700 1400 700 1900 . 1900 2000 300 -1200
600 700 300 1700 1600 1000 300 -1100
9500 7200 3300 20200 21200 8700 3600 4600
792 600 275 1683 1767 725 300 383
(16) = a )  + (2) = (6) + (7) + (8) + (9) + (10)
(11) + (12) +  (13) + (14) + (15) 







Mean daily heat inflow and outflow of each term
Figure 17















humidity and Q , so that the basic data on these parameters 
used in the calculation are very important in view of their 
representation for the real situation. The rather big dis­
crepancy of Q from that by Walker (1973) and Neumann (1953) 
may be due to the use of less representative data. However, 
Sverdrup et al (1942) report that for the oceans about 10% 
of heat surplus by radiation surplus is used for Q and the
iD
other 90% is consumed for evaporation Q£ though it is the 
case of the ocean. In our case 12% of radiation surplus 
is used for Q and the 88% is used for Q„ on the aver­
age when the data during December, 1972 to May, 1974 are 
used.
Meanwhile Bowen ratio ranged from - 0.09 to 0.26.
This is quite similar to that of Lake Hefner. The figures 
from (3) to (9) in the table cover up the heat budget in a 
closed system under an assumption that the lake is not 
exposed to any external heat exchanging media or source 
other than atmosphere.
Now consider the other external terms of heat budget:
Q is the sum of the heat due to creek waters and runoff, in
It fluctuates considerably depending mainly upon rainfall
month by month. On the average twice Q r which is
owing to direct precipitation on the lake. The magnitude
of the sum of both Q. and Q is rather significant comp-in p-t-
ared with the other terms. However, especially in winter 
time it becomes less significant, even if rainfall is heavy 
because of the drop in air temperature. For instance, -
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although the nearly similar amount of water has flowed into 
the lake during the time both June, 1973 and October, 1973, 
there exists the difference of about 1.7 times between them 
in regard to Q^n «
As mentioned previously Q. and Q , are related to 
the flushing by the tidal action. Since the volumes that 
flush each time from the lake to the sea and vice versa are 
thought to be the same, the difference appeared between 
Q. and Q„ n is caused by the difference in thermal cap­
acity due to salinity and temperature of sea and lake waters
In fact it is clearly shown that there exists the heat loss
2of approximately 100 cal/cm. from the lake on the average 
when both data are compared from December, 1973 to May, 1974 
As the temperature of the seawater does not change as much 
as that of the lake water does all over the year, the fluct­
uation of monthly value is less significant in comparison 
with that of the lake water.
The term Q ^ f  is derived from the magnitude of hydro­
static discrepancy between the lake level and the mean sea 
level and the temperature of the lake. Therefore, the 
monthly value of Q ^ f  generally increases with increase of 
rainfall. An interesting fact is that tends to give
comparatively close figures to (Q^n + Qpr) except for a 
few cases. This means that the quantity of heat carried 
by creek waters and runoff into the lake is roughly similar
to that discharged into the sea.
The sum of the terms (10) to (14) ranges from - 400 
cal./cm2 to 400. This is a rather small quantity as a
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whole. The positive figure means heat income and the neg­
ative ones, which occur 4 times out of 18, appear only 
when the temperature of the lake water is considerably 
higher than that of the seawater and consequently Q is 
big.
Meanwhile, if the term based on the thermal discharge
from the power station Q is compared with the overallps
average of the sum of the term (10) to (14), it can be
found that Q is more than 3 times bigger than the over- ps 3
all average of the sum, that is, the heat from the power
station gives more than 3 times significant effect on the
heat budget of the lake than the heat based on creek waters,
runoff, direct precipitation, flushing and hydrostatic
difference of the levels between the lake and the sea.
The maximum amount of the heat carried from the sea
2 .by flushing is calculated as 300 cal./cm. in June, 1973 
which is equal to that from the power station. Hence it 
can be said that during only a couple of months in winter 
time the seawater would become the equivalent heat source 
to the power station.
The heat storage Q or the sum of all terms mentioned 
so far indicates the overall heat income or heat loss of 
the lake. It is obvious that the lake loses heat from the 
end of summer to autumn and it gains heat from spring to 
summer. A negative heat storage brings about: a decrease 
of lake water temperature and a positive one brings about
an increase.
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Table 29 shows that when a heat storage is positive, 
the temperature of the lake water increases in the follow­
ing month and when a heat storage is negative, the temper­
ature decreases except for a few cases. The magnitude of 
the temperature change seems to be roughly proportional to 
that of the heat storage. However, once the individual fig­
ures are closely examined, some anomalies are evident. For
2example, the heat storage of January, 1973 is 2000 cal./cm. 
If this heat is exclusively used to raise the temperature 
of the whole volume of the lake water, the temperature 
increase expected would be 10.7°C (2000 / 187) considering 
the mean depth of 1.87 m for the lake. But in fact it rose 
only 2.6°C.
Furthermore, the annual heat budget or total heat
2income to the lake is calculated as 11700 cal./cm. (Jan­
uary to December, 1973) and 9500 (March, 1973 to April,
1974) respectively. Judging from the reported figures on 
Lake Hula (3500) and Lake Werowrap(2930) which both have 
similar depth to Lake Illawarra, these calculated values 
are too large for the lake.
An annual heat storage of sediment Qga of which monthly
values peak during the summer time and drop the lowest dur-
2ing late autumn to summer is 1000 cal./cm. for bouh Jan­
uary to December, 1973 and from March, 1973 to April, 1974. 
Heat transfer in sediments is a rather slow process, so 
that a certain delay in time is recognised for the disch- 
of the stored heat into the lake water at the onsetarge
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of winter. At the same time it is quite interesting that 
the maximum amount of the heat discharged from sediments 
into the lake water is equivalent to that from the power 
station.
The calculated results of the average monthly heat 
balance and the distribution of each heat term in 1973 are 
shown in Table 32 and Figure 19. The excess heat remain­
ing in the lake or the difference between IN and OUT in the
. . 2 2Figure is 380 cal./cm. /month. If 300 cal./cm. /month of
the heat from the power station is subtracted from this
excess heat, the difference between IN and OUT becomes only 
280 cal./cm. /month, which is thought to be a small quant­
ity of heat and would be equivalent to the heat to raise 
the temperature of the lake water by less than 0.5°C.
Lack of an exact annual thermal balance may be explained 
by the many assumptions regarding volume of water entering 
the lake, constant thermal discharge from power station, 
constant water level in lake etc. Nevertheless, the heat 
budget calculation serves to quantify and rank the various 
heat sources for the lake.
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Table 32




RATIOQ ,O SOURCE OR REASON
QS + q h 11,900 80.6 Radiation
^in 600 4.1 Creek water and runoff
^pr 280 1.9 Direct precipitation
^in. s 1,680 11.4 Flushing (tidal)




RATIOQ."o SOURCE OR REASON
q r + QU 1,200 8.3 Reflection and scatt­ering.
QW ~ qa 4,480 31.2 Net back-radiation
q e 5,370 37.3 Evaporation
0 40 0.3 Heat advected inwe evaporated water
Q 790 5.5 Net sensible heatws transfer
Qo.l 1,770 .12.3 Flushing (tidal)
Qdif 730 5.1 Water level difference
SUM 14,380 100.0
Mean monthly excessive heat 14,760 - 14,380 2380 cal/cm /month
Mean monthly heat balance 







As turbidity of water controls the depth of light 
penetration into the water which is closely associated 
with the extent of photosynthesis in lake ecosystem, it 
is important to estimate its magnitude in view of the 
productivity of lakes.
The intensity of light at a certain depth in water 
changes with the extent of the absorption and scattering 
of light waves by water molecules, stains and by sus­
pended matters such as silts or organic particulates when 
the time of observation for the intensity of the light is 
fixed.
Various methods have been used to measure turbidity 
or transparency: Secchi disc measurement, selenium 
photovoltaic cells, irradiance meters, filtration and 
weighing of the suspended matter, the "Jackson Candle 
Method" and so on (Wilber, 1972). Each method has been 
established based on its own particular principle, so 
comparison between the data obtained by different methods 
is not necessarily feasible.
The only previous measurements of turbidity in Lake 
Illawarra are those made by Harris (1973) using the Secchi 
¿lisc • At many of his sampling stations the water was too 
shallow to obscure the disc and a numerical value could not 
be obtained. Harris concluded that the waters in the lake 
were most turbid during the summer months when most active 
growth of Zostera took place and that turbidity might
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therefore be a significant limiting factor for plant growth 
in this lake. In addition, extensive development of 
submerged algal bloom was observed during the winter when 
the water was less turbid.
In the present investigation suspended matter was 
measured by a filtration and weighing method using a 
0.4 5jjl membrane filter, from 5/8/73 to 21/1/74 (7 times).
The samples were collected at the 10 routine sampling 
stations and one seawater sample at Wollongong Harbour.
The result is shown in Table 33. The minimum and maximum 
values among all data were 1.0 and 29.6 mg/1 respectively. 
Overall average was 7.1 mg/1 which was approximately 4 
times higher compared with 1.7 mg/1 of seawater. This 
figure for seawater is comparable with the data reported 
by some workers (Svirenko, 1970; Chester and Stoner, 1972).
In terms of the mean value at each station, station 
4, 5, 6 and 8 give rather high values of 10.8, 9.9, 9.1 
and 8.3 mg/1 respectively. These relatively high values 
at station 4, 5 and 6 are obviously associated with the 
inflows of fresh water from Macquarie Rivulet and Mullet 
Creek. In particular it is noteworthy that high values 
tend to be observed at these stations just after a certain 
amount of rainfall is recorded (e.g. on 25/9/73). However, 
in the case of 22/11/73 the figures observed at these same 
stations were not especially high even though 20.8 mm of 
rainfall was recorded two days before. This may be 
explained to some extent by the fact that the rainfall
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occurred after 9 days of no rain period and so that its 
effect on the flow rate of Macquarie Rivulet and Mullet 
Creek was relatively slight as shown by the discharge data 
recorded at Albion Park G.S. and our salinity data. The 
comparatively high value at station 8 may be due to a 
combination of fairly shallow water (-1.52 m), sediment 
composition and the use of this water by a power boat 
club. The water around this station was often turbid even 
when the waters around the other stations were clear.
It is interesting that all the stations except 
station 8 located on the eastern side of the lake give 
rather low figures. This suggests that the dominant sources 
of suspended matter are on the western side of the lake 
(i.e. the two creeks) and that the suspended silt is 
rapidly sedimented when these streams meet the saline water 
of the lake.
The effect of wind on turbidity must not be ignored 




Concentration of suspended solid in the 
lake and sea waters
____________ ____ ___________ _ _________ _ ________  (mg/1)
STATION 5/8/73 31/8/73 25/9/73 23/10/73 22/11/73 20/12/73 21/1/74 MEAN
2 11.6 4.4 3.8 2.2 2.0 4.8 6.3 5.0
3 4.8 7.4 3.8 5.6 4.6 5.4 7.3 5.6
4 4.3 10.0 29.6 4.8 7.4 7.2 12.6 10.8
5 5.3 17.0 12.2 9.2 8.5 8.8 8.6 9.9
6 5.2 4.1 16.0 7.6 8.3 6.4 15.8 9.1
7 9.2 3.8 7.7 5.8 4.8 8.9 4.0 6.3
8 8.3 5.8 8.4 9.2 5.0 10.7 10.8 8.3
9 10.0 4.8 6.3 2.2 1.0 6.2 5.6 5.2
10 5.0 4.3 7.5 5.0 5.8 3.2 6.9 5.4
11 5.9 3.7 4.3 5.4 3.2 6.6 6.0 5.0
SEA - 3.9 - 0.5 1.1 2.0 1.2 1.7
MEAN 7.0 6.5 10.0 5.7 5.1 6.8 8.4 7.1
Weather condition
E&TE WIND RAINFALL
5/8/73 no wind no rain in prev. 3 days
31/8/73 strong wind 17.8 rrm in prev. 4 days
25/9/73 light wind 18.8 nm in prev. 3 days
23/10/73 light wind 4.1 irm in prev. 3 days
22/11/73 light wind 20.8 rnn in prev. 3 days
20/12/73 light wind 9.9 mm in prev. 3 days
21/1/74 occasionally 
strong wind
9.5 rrm in prev. 3 days
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3. Heavy metals and sedimentation in Lake Illawarra
3.1 Introduction
(a) Reasons for measurement of sediment heavy metal cont­
ent
In the present investigation of heavy metal pollution 
in Lake Illawarra we chose to monitor the metal content of 
the sediments rather than the water.
This was due to the following reasons:
The concentration of heavy metals in the sediment is 
far larger than in the water, and within the range of 
determination by A.A. spectroscopy without resort to pre­
concentration techniques.
The sediment metal concentration might be expected to 
be much less subject to short variation due to such effects 
as lateral mixing, salinity change, flushing by rainwater 
etc.
Measurements of sediment metal content might yield 
information on sedimentation rates. '
(b) Toxicity of heavy metals
When a metal injures the growth or metabolism of an 
organism, it is defined to be toxic. A number of the div­
alent transition metals as well as the other electronegat­
ive metals tend to be toxic because of their reactivity 
with proteins and in particular with enzymes. Other modes 
of toxic effect are as follows:
1) substances which work as antimetabolites.
2) substances which form stable precipitates or chelates
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with essential metabolites.
3) substances which catalize decomposition of essential 
metabolites.
4) substances which combine with cell membrane and affect 
its permeability (e.g. Cd, Cu, Hg and Pb) and
5) substances which replace structurally or electro­
chemically important elements in the cell and hence 
terminate its function (U.S. Dept, of the Interior, 1968).
Cadmium probably acts as an enzyme inhibitor. It 
accumulates in mammals as lead and mercury do and it is 
toxic to all organisms. It is well known that cadmium acts 
synergistically with other substances to magnify its 
toxicity.
Copper is an essential substance for all organisms.
It acts as an enzyme activator and is a constituent of a 
flavo-protein (Mahler, 1956). However, in excess it is 
highly toxic to algae, seed plants, and to invertebrates 
and moderately toxic to mammals. It has been reported that 
copper effected upon the rate of photosynthesis of the kelp, 
Macrocystis pyriferci and of planktonic algae (U.S. Dept, 
of the Interior, 1968; Gachter et al, 1973).
Lead seems to play a rather obscure biological role.
It has a cumulative toxicity to many mammals and is 
toxic to most enzyme systems. It is of interest that lead 
has the strongest affinities for plankton and brown algae 
among the heavy metals concerned.
Zinc is also an essentdal element in biological
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systems. It acts as an enzyme activator and is a constit­
uent of metallo-protein enzymes such as carbonic anhydrase 
(Benjamin et al, 196 8) . The chronic toxicity of zinc 
towards fish has also been reported in the studies conduc­
ted by Brungs (1969), Eaton (1973) and others.
3.2 Sources of heavy metals
Before considering the possible major sources of 
silt and suspended solids which eventually form the bottom 
sediments in the lake let us examine the case of the 
ocean according to Huenen (1965). He suggested that the 
ultimate sources of the ocean sediment were ingneous and 
metamorphic rocks and they were broken down to loose part­
iculates or to a form of solution by mechanical and chemi­
cal weathering, both of which finally enter the sea.
The following sources for sedimentary matter in the 
sea are cited:
1) atmosphere (volcanic, meteoric and terrigerous dust)
2) organisms (nekton, plankton and so forth)
3) abrasion of the land (e.g. wave erosion of the shore 
and shallow part of the sea floor)
4) lands by river and/or ground water and
5) chemical and biochemical precipitation in situ. 
However, in Lake Illawarra, the contribution for
sedimentation of heavy metals based on human activities 
such as daily life and industrial production might be 
supposed to become very important since the environment 
around the lake has been changing drastically since the
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first settlement started.
It is now anticipated that the amount of heavy 
metals which directly enter the lake as dry fallout (settl­
ing) and with rain droplets and which enter the lake through 
creeks and drainage from the land as runnoff, is far more 
important than those purely owing to nature since there 
exist a major industrial complex and a coal combustion 
power station near the lake, and furthermore, as the 
residential areas around have been developing rapidly.
Beavington (1973) has investigated quantities of 
extractable heavy metals in the soil around Wollongong 
and found that there were strong correlations between the 
levels of extractable Zn and Cu and the distances from the 
main industrial complex in Port Kembla within 5 km. It 
was also found that 43% of Zn, 50% of Cd and 67% of Cu and 
Pb concentrated in the top 5 cm of contaminated urban soil 
and approximately 80% of Zn and Cu, and even more of Pb 
and Cd concentrated in the top 15 cm of the soils.
Similar patterns between trace metal concentrations in 
soils, grasses, mosses, lichens and leaves, and distance 
from smelting works are reported by Burkitt et al (19 72) , 
Beavington (1975) and Little and Martin (1972).
The lake area included within 5 km radius of the 
industrial complex is about 15% of total lake area and 
approximately 80% of it would be included within 10 km 
radius. Therefore if the amount of the fallout to the 
water surface of the lake and to the lands shows the
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exponential decrease with increasing distance from the 
smelting complex, more fallout in the northern part of the 
lake is expected than in the other parts and higher metal 
concentration in the soils near the northern part of the 
lake is also expected. However, it is not possible in 
practice to estimate real sources of heavy metals which 
are responsible for the lake sediment unless more exten­
sive studies in terms of heavy metal inventory of the 
sources, the dispersion patterns of particulates in air 
and so on have been done.
Winchester and Nifong (1971) has investigated the 
contribution of air pollution to total pollution regarding 
30 different trace metals in Lake Michigan. The effect 
of air pollution for the lake was considered to be quite 
important because of its close location to the industrial 
area, no noticeable source of water pollution and because 
of its fairly long flushing rate. It was concluded that 
the contribution of airborne Cu was approximately equal 
to that of waterborne, but in case of Zn the contribution 
due to airborne Zn was as high as ten times than that of 
waterborne.
Though the situation .is different in the case of 
Lake Illawarra from that of Lake Michigan, the effect of 
air pollution directly on the lake surface seems to be 
quite significant judging from the facts that the lake was 
often covered with red brown coloured smoke (consisting 
mainly of iron oxides) and that particulates which were
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probably airborne in origin were observed on several 
occasions to be floating on the water surface of the north­
ern part of the lake.
It is also known that suspended particulates in air 
(<10̂ t) are washed down almost completely with about 40 mm 
of rainfall (Fujimoto and Yoda, 1973). Since the annual 
rainfall in Wollongong is 1120 mm (70 years average), 
efficient scouring of the air by rainfall must occur.
The emission from Tallawarra power station which 
uses coal as a fuel must be taken into consideration as 
it constantly emits a part of the ash produced (approxim­
ately 10% of total ash) at the rate of 10-20 kg per ton 
of coal used. In the case of Huntley coals, the ash would 
contain approximately Cu 15-70 ppm, Pb 5-100 ppm, Zn<60 ppm, 
Fe 460-1070 ppm though the figures may change slightly 
depending upon the characteristics of coal (Winchester and 
Nifong, 1971; Clark and Swaine, 1959) .
Meanwhile the following can be considered as the 
possible sources of waterborne heavy metals (carried by 
creek and drainage waters) into the lake.
1) Nature by weathering as mentioned previously
2) Runoff containing heavy metals from the industrial 
complex and the power station, which fall on the nearby 
lands
3) Heavy metals which are supposed to have accumulated 
around the metal smelting plant which existed at Dapto 
from 1895 to 1906
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4) Transportation which consumes leaded gasoline: it is 
well established that the lead from motor vehicles plays 
quite an important role in source inventories (Purves, 
1967; Winchester and Nifong, 1971; Motto et al, 1970; 
Lazrus et al, 1970). As two major roads of Princes High­
way and Shellharbour Road pass through the western and 
eastern sides of the lake respectively, the contribution 
from them seems fairly large when their traffic volume
is taken account of.
5) Coal washery: Huntley colliery discharges its 
effluent into one of the tributaries of Mullet Creek. 
However, this does not seem important at present since 
they installed a dam with shale and coal wash to remove 
suspended solids and some metals by passing the waste 
water through it. In this respect Rowley (1972) has 
examined its effect of metal removal and found that 0.3 
to 0.4 ppm of Fe and Zn dropped to 0.1 ppm, that is, down 
to approximately one third. There is a possibility that 
coal particulates which had been discharged before the 
installation of the dam and stayed in the creek bed have 
been brought to the lake.
6) Domestic sewages and agricultural activity: the 
amount based on these two sources must not be ignored, 
owing to both the rapid growth of residential areas and 
extensive agricultural and dairy activity in the catchment 
area.
Kondo et al (1972) has pointed out that even treated
169
sewage showed rather high metal content in it as the 
conventional treatment procedure could not remove metals 
efficiently. So continuous discharge of domestic sewage, 
treated or not treated, into the lake could have signific­
ant effects on the lake sediment with regard to metal over 
a long term base.
Though there is not much information available on 
trace metal with respect to agriculture, it is reported by 
Williams and David (1973) that the cadmium content in 
phosphate fertilizers manufactured in New South Wales 
ranges from 18 to 91 ppm and that superphosphate usually 
contains 38 to 48 ppm as impurity. Some of the cadmium 
sprayed on the farm lands or pastures finally will be 
washed down to the lake through creeks and drainage.
7) The seawater: the level of heavy metals in seawater 
is generally very low. However, seawater entry exerts an 
important influence by restoring salinity after heavy rain­
fall and because of its high ionic strength assisting 
the coagulation and sedimentation of suspended silt.
3.3 Historical development of metal smelting in the
Wollongong district
The first metal smelting activity in the Illawarra 
dates back to the Smelting Company of Australia Limited, 
which operated a substantial smelter at Dapto from 1895­
1906. This ill-fated venture was sited at Dapto to take 
advantage of nearby coal deposits, and received ores by 
sea and rail from various parts of Australia.
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The principal metals produced were copper matte, gold, 
silver, lead and zinc, e.g. during the first half of 1902 
production was Au 3,500 ozs, Ag 52,883 ozs, Cu 26 tons,
Pb 564 tons. No figures are given for zinc production, 
possibly because of its very low value at the time (Cl- 2 
per ton). The smelting procedure used there has been 
described by Nelson (1897) and Bertie (1899) . Copper ores 
were crushed, roasted, then smelted with fluxes in a blast 
furnace. The lead-gold-silver bullion obtained from the 
blast furnace was refined by Parke’s process, which utilises 
the superior affinity of zinc for gold and silver. The 
molten lead was treated with metallic zinc which rises to 
the surface bringing the gold and silver with it. The 
zinc layer was skimmed off and the zinc driven off by heat­
ing. Substantial losses of lead and zinc to the atmosphere 
must have occurred during these operations.
The company ceased operations in 1906, due partly to 
uncertainty in the consignments of ore for smelting and 
partly to the poor access from the sea caused by the shall­
ow entrance to Lake Illawarra. Some of the plant was 
transferred to Port Kembla, where the Electrolytic Refining 
& Smelting Company commenced production in February, 1909. 
Average annual production of electrolytically refined 
copper up to 1914 was 12,800 tons. The early operations 
of this works, which dealt solely with copper ores, have 
been described by White (1911).
Contamination of local soils has been reported by
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Beavington (1973) and is particularly severe in the immed­
iate vicinity of the works, probably caused by direct loss 
of particulates from stacks of copper concentrates. The 
atmospheric dispersal pattern of finer material would have 
been altered by the construction of a 185+ m high stack 
about 10 years ago.
The third major smelting industry to be established 
was the Port Kembla works of Australian Iron & Steel, which 
commenced operations in 1928. The principal metal lost to 
the atmosphere from this source (apart from fine iron ore) 
is zinc, which composes approximately 0.03% of the iron ore 
mix currently being used.
3.4 Sedimentation mechanisms of heavy metals
No study on the forms of the metals which entered Lake 
Illawarra has been carried out. However, some prediction 
for them would be possible from the available data.
Gibbs (1973) has investigated the mechanisms of trace 
metal transport in the Amazon and Yukon Rivers, both of 
which are considered to be unpolluted. In the study, it 
was stated that there were five different forms of trans­
port mechanisms in rivers.
1) in solution
2) by adsorption
3) in solid organic material
4) as metallic coatings and
5) in detrital crystalline material.
It was found that more than 74% of copper was trans 
ported in crystalline material and that approximately 90-6
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of iron was transported either as metallic coatings or in 
crystalline material* In the case of manganese the port­
ion in solution increases compared with that of iron though 
the total quantity of the manganese transported by both 
mechanisms was nearly similar to that of iron.
At least the metals derived from natural sources may 
be transported by the creek waters into Lake Illawarra in 
the similar mechanisms as above.
Meanwhile the airborne metals entering the lake prob­
ably have such forms as aerosol or particulates which are 
supposed to consist mainly of metallic or non-metallic 
oxides, chlorides, flyash and carbon.
These metals transported in various forms into the 
lake will be diluted and then dispersed in the water. One 
of the important facts is that input of the metals is not 
evenly distributed in the lake as will be understood from 
the facts that a major metal source is located on the 
northern side of the lake and that the fallout of airborne 
particulates seems to decrease with increasing distance 
from the source. Additionally the two major creeks which 
carry metals in their waters run into the lake at the 
western side of it. Besides these matters it must be 
necessary from the viewpoint of the dispersion of the 
metals in the lake water to take account of several ether 
factors such as dominant wind direction and speed, rc*in 
f^pp^ speculation and mixing of water and geographical 
and ecological environment of each part in the lake.
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In practice metals existing in an aquatic environment 
will be distributed over the following forms:
a) soluble species - free hydrated metal ions and metal 
complexes with inorganic or organic ligands and
b) insoluble species - colloidal particulates of metal 
complex or aggregates of hydrous metal oxides and metal 
complex absorbed on suspended particles.
According to Guy et al (1975) , the interactions 
responsible for the abovementioned forms are:
1) metal-clay colloid ion exchange reactions
2) metal sorption onto hydrous oxides
3) metal sorption onto humic acid-clay colloids
4) metal-inorganic anion complexes such as soluble 
CuCO°, ZnSO° and CdCl+ and
4) metal-organic ligand complexes.
As an instance of the metal-clay colloid ion exchange 
reaction Chester (1965) has reported that the clay mineral 
illite could adsorb more than 50% of cobalt and more than 
90% of zinc from seawater which contained natural levels 
of these metals.
Metal sorption onto hydrous oxides occurs by reaction 
of M2+ (or a hydrolysed metal ion) with a surface OH group 
to form an 0 to M bond, with H being released into solut­
ion. The adsorptive capacity of the hydrous oxide increases 
with increased pH and its distribution equilibria is 
represented by a mass law equation. There is further 
similarity between these two that both are capable of
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binding anions (ion exchange on edges of the clay lattice 
and complex formation between Fe(III) oxides and bases).
A main difference between the two is that the hydrous 
oxides take part in the redox cycle. Therefore, a reduct­
ion of the hydrous iron and manganese oxides results in 
an immediate release of the sorbed metals.
In fact it is well known that in seawater adsorption 
of heavy metals on these hydrous oxides is the most import­
ant mechanism to control their overall concentrations 
(Krauskoph, 1956). Goldberg (1961) has remarked on the 
importance of iron oxides as a catalyst for the oxidation 
of manganese (II) in seawater and the role of these two 
oxides as a host for heavy metals. Experiments conducted 
by Gadde and Laitinen (1974) have proved that the adsorpt­
ion of cadmium, lead and zinc on hydrous iron and manganese 
oxides increased with increased pH and their strength of
2+ 2 +  2+adsorption followed the order Pb >  Zn > Cd .
Similar behaviour might be expected in the case of 
Lake Illawarra but the water in it is saline and so the 
speciation of the metals will be quite different.
It is well recognised that organic matter, either in 
the form of particles, or in association with mineral 
species such as clay minerals, is a strong absorbent for 
many trace metals. Humic acid especially, is quite 
efficiently absorbed on clay mineral. Rashid et al (1972) 
has shown that humic acid was more absorbed on clay 
mineral in NaCl solution (3.5%) than in fresh water and
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that increased acidity leads to the increase in absorption. 
There are a number of organic compounds (e.g. humic acids 
and amino acids) which can form complexes with metals.
Humic acids exist as a major part of organic matter in 
natural water (e.g. < 20 mg/1) and they are very import­
ant as they are capable of solubilising and redistributing 
metals from one phase to another by their complexing 
actions. Humic acids are formed from the microbial decomp­
osition and biochemical transformation of the dead organisms. 
Rashid (1972) has proved that the acid hydrolysate of humic 
acid containing various amino acids and glycine, aspartic 
acid and phenylalanine could effectively convert insoluble 
carbonates and sulphides of copper, cobalt, nickel and zinc 
to soluble forms and found that the order of solubility for 
carbonates is Ni > Co > Cu > Zn > Mn, and for sulphides 
Cu > Co > Mn > Ni > Zn. Particularly copper was solubil­
ised from its sulphide as much as 682 mg with a gram of 
naturally occurring amino acids.
It has been also shown that the components of lower 
molecular weight fractions in humic acids have stronger 
metal solubilising capacity for aluminium, copper, iron 
and nickel (Rashid, 1971)..
The effect of humic acid on the formation of sulphide 
and carbonate precipitate of copper, manganese, nickel and 
iron was examined at pH 8.5 (close to that of the lake 
water) by Rashid and Leonald (1973) . In the presence of 
humic acid the quantities of metals required to form
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sulphide precipitate increase 8 to 43 times greater than 
the case without it, while in carbonate they increase 3 
to 36 times. The formations of precipitate between iron 
and sulphide and carbonate were especially strongly supp­
ressed (43 and 26 times, respectively) with presence of 
humic acid. It is not, therefore, unreasonable to consider 
that unusually high iron concentration present in natural 
water (e.g. 670j j l g/1) in contrast to other metals might be 
caused by suppressing effect of the precipitate with humic 
acids (Riley and Chester, 1971).
Zirino and Yamamoto (1972) have calculated the chemi­
cal species of cadmium, copper, lead and zinc in seawater 
by using a pH-dependent model and calculating the degree
of interaction between each of the metal ions and the 
-  2 -  -  2 -  -anions Cl , SC>4 , HCO^, CC>3 , and OH as a function of pH. 
As a result it has been shown that cadmium was strongly 
associated with chloride ion and the dominant species are 
CdCl°2 (51%), CdCl+ (39%) and CdCl” (6%). The effect of 
pH is negligible over the entire range studied (from pH 
7.0 to 9.0). The dominant species of copper at the 
average seawater pH of 8.1 is Cu(OK)°2 90% and CuCO^ (8%) . 
The fraction of Cû "*" ranges from 30% at pH 7.0 to less 
than 0.1% above pH 8.6. Meanwhile in the case of lead, 
PlpCO^ and PbCl+ exist in approximately equal amounts and 
there is an appreciable amount of PbCl°2 at pH 7.0. How­
ever, as pH increases, PbCO°3 becomes the dominant species. 
At pH 8.1 17% of zinc remains as free ions and other
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species are ZnCOH)^ ( 6 2 % ) ,  ZnCl+ (6.4%) and ZnCO° (5.8%),
2+and so on. At pH 7.0 the dominant species are Zn (51%), 
ZnCl+ (19%), ZnSO° (10%) and ZnCl^ (8%). However, at pH 
9.0 almost all of zinc is in the form of ZniOH)^.
The metals existing in various forms in the water 
perhaps will be included eventually in a part of sediment 
through precipitation, adsorption on particles, absorption 
by organisms and etc (Bryan, 1971) .
Precipitation occurs when the concentration of a 
metal becomes higher than the solubility of the least 
soluble compound that can be produced from the metal and 
anions in the water such as sulphide, carbonate, hydroxyl 
or chloride. Krauskopf (1956) has suggested that heavy 
metal concentrations were considerably under their satur­
ation level in seawater and that the existence of complex- 
ing agents or hydrogen sulphide would affect the 
concentration in saturated solution of heavy metals.
Cd (OH) Cl, CuCC>3, PbCC>3 and ZnCC>3 were described as 
possible forms of precipitation in aerated seawater at pH 
7.8 to 8.2.
Secondly, as described previously, it is an import­
ant process that metals are adsorbed from the water onto 
the surface of particulate materials such as clays, 
various organisms, and hydrous iron and manganese oxides. 
The particulates containing adsorbed metals will sediment 
to bottom either directly or through some processes such
as flocculation.
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It is also well known fact that heavy metals are 
concentrated in the bodies of organisms. Concentration 
factors for different metals vary significantly from spec­
ies to species. Factors of hundreds and thousands 
commonly occur and occasionally the figure reaches as high 
as a million (Fukai and Broquet, 1965; Bryan et al, 1966; 
Fukai, 1968). In a review by Bowen (1966) it was reported 
that plankton and brown algae could incorporate metals in 
order of Zn> Pb> Cu> Mn> Co > Ni > Cd and Pb> Mn> Zn > Cd > Co 
>Ni respectively. Concentration factors for different 
parts of organisms vary. For example in the case of 
cadmium affinity in scallops, the factors in shell, muscle 
and digestive gland were reported to be 10, 16,000 and 
5 x 10^ respectively (Mullin and Riley, 1956). When 
metals are introduced into an organism, some macromolecules 
such as glyco-proteins contained in the body of the organ­
ism work for complexing with the metals and remove them 
quite efficiently from the surrounding environment. These 
metals trapped in various organisms including plants will 
be accumulated finally in sediments after their death or 
through some other mechanisms such as the food chain.
Mobilisation and migration of the metals in sediment 
are controlled by redox potential, pH, the amount of 
organic matters, iron, manganese and so on. Only limited 
information on mobilisation or migration of the metals in 
sediments are available, so that it does not seem easy to 
establish some rigid ideas for the explanation of these
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subjects. Hallberg (1973) has referred to them. Namely, 
first of all heavy metals will be fixed in the sediments 
as metal sulphides because of their low solubility products. 
Therefore, if there is more hydrogen sulphide available, 
the existence of more heavy metals can be expected in the 
sediments. However, on the other hand as high hydrogen 
sulphide production means reducing states and the existence 
of abundant organic matters in the sediments, another 
process which may change the primary metal composition 
must be considered at the same time.
When the organic matters decompose during reducing 
conditions in the sediments, a number of organic molecules 
are produced, which act as complexing agents. Hence in 
the sediments there will exist competition for the metals 
between the complexing agents and hydrogen sulphide. 
Naturally, it can be predicted that if a complexing compound 
has a greater upward diffusion rate (this is more import­
ant than a downward one because of the compaction of 
sediments) in the sediment than that of hydrogen sulphide, 
the complexed metals will be removed from the hydrogen 
sulphide zone and eventually some of them will participate 
in a mineral cycle above the redoxcline: the complexed 
metal is precipitated, embedded, dissolved, complexed, 
transported and precipitated again.
As a result the metals involved in the complexation 
in the sediments will tend to concentrate in the uppermost 
layer of the sediment during further sedimentation. '
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Meanwhile the redox situation in sediments is one of 
the influential controlling factors for metals as described 
already. The metals included in various materials will 
precipitate mainly as the oxidised form to the upper layer 
of bottom sediments. If they are kept under reducing 
condition by additional sedimentation, some metals may be 
released into the water as a consequence of their reduct­
ion to a lower valency state (Zirino and Yamamoto, 1972).
In fact it is commonly observed that the interstitial 
water contains a fairly high level of trace metals in it. 
These metals, after their absorption onto organic compon­
ents or the formation of complexes under reducing condit­
ion will migrate to an oxidising environment to form 
precipitates depending upon the stability of their 
complexes (Price, 1967).
The stability of some amino acid complexes was pre­
dicted to be in the order of Mn< Fe< Co< Zn< Ni< Cu and so 
manganese will be the first released from the complexes 
followed by iron (Ahrens, 1966). Both of them are ultim­
ately available for possible precipitation. Mortimer 
(1941, 1942), Hutchinson (1957) and Gorham and Swaine 
(1965) have observed that the oxidised sediments have 
stronger adsorptive power than the reduced ones. In this 
respect Stumm and Morgan (1970) have suggested that this 
fact might be closely associated with rather high content 
of iron and manganese in sediments. It has been proven 
by Goldberg (1954) that the quantities of trace metals in
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seawater sediments are proportional to iron and manganese 
content of them. Furthermore, Jenne (1968) has described 
that the hydrous oxide forms of iron and manganese virt­
ually controlled the fixation of cobalt, copper, nickel 
and zinc at least in fresh water sediments.
All the following factors can be relevant to the 
change in heavy metal concentration with depth in sediments
1) rate of input of heavy metals
2) rate of input of sediment
3) input of organic matters
4) redox and pH conditions in sediments and between 
water and sediments
5) diffusibility of some chemical species in sediments
6) physico-chemical properties and compositions of 
overlying water
7) hydrology of sedimentation basin (e.g. circulation 
and mixing) and
8) geographical and ecological characteristics of the 
lake.
3.5 Heavy metal concentrations in sediments of Lake 
Illawarra
(a) Areal distribution
In order to obtain some information on the areal 
distribution of metals in the lake sediments, the top 
part of the bottom sediments (down to a depth of 20 cm) 
were sampled from various locations as shown in Figure 20. 
In practice it was found that the particle size
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distribution of the collected samples fluctuated quite 
extensively depending on sampling location, so that it was 
meaningless to compare one another without considering 
particle size distribution of each sample. For example, 
Okada et al (1971) has determined concentration of heavy 
metals (Cd, Cu, Pb and Zn) in various fractions of 
particle size (1 mm - 297̂ *, 297-149y*, 149-74yU,<74^c) of 
river sediments and has found that smaller size fraction 
tended to contain more heavy metals.
Similar facts were reported by Erlenkeuser et al 
(1974) , Turekian (1965) , Hallberg (1974), White and 
Northcote (1962) , Nishimura and Kumagai (1974) , Slatt 
(1974) and Oliber (1973). To cope with this problem the 
assumption that all the metals concerned concentrated in 
the fraction under 2 00 -mesh (<76yu.) was introduced, as 
suggested by Kumagai and Nishimura (1973). A normalised 
concentration of metal was calculated by dividing the 
measured metal concentrations by the ratio -200 mesh mater­
ial to total sample. However, it must be noted that the 
smaller the fraction under 200-mesh, the lower the reliab­
ility of the normalised value.
The results were shown in Table 34 in which a normal­
ised value was calculated in the parenthesis next to the 
unnormalised value. From this it is obvious that the 
fraction under 200-mesh fluctuates very widely between 0 
and 70.9%. In other words the bottom sediments in Lake 
IHav/arra are made up of material ranging from coarse sand
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to mud.
Besides these results some deep core samples collected 
by Department of Mines, N.S.W. from two sites in the 
lake as shown in Figure 20 were determined by us to obtain 
background values. The samples D-l-1 to D-l-8 in Table 35 
correspond to 10 to 21 m in depth below surface of bottom 
sediments. The sample D-2-1 and D-2-2 to 10 to 12 m in 
depth below surface of bottom sediments. The portion of 
fraction under 200-mesh ranges from 71.6 to 95.6%. These 
rather high figures apparently reflect predominant exist­
ence of clay materials.
These samples were chosen as background values because 
they represent the sedimentary record in Lake Illawarra 
which is recent in geological terms but well before the 
influence of man.
As a whole the difference between unnormalised and 
normalised figures for these deep cores is comparatively 
small because of the rather high fraction of under 200- 
mesh particles. There does not appear to exist any 
particular trend on concentration of metals regarding depth 
as far as the samples D-l-1 to D-l-8 are concerned. Perhaps 
change in magnitude of concentration of each sample might 
be caused by changes of various environmental factors when 
the sediments were formed.
Determination of cadmium using the Varian Tectron 
M-1200 was not successful because of its low concentration. 
As the published data are usually not normalised, the
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comparison on only unnormalised concentration of each metal
can be possible to confirm whether its concentration levels
are reasonable. The mean value of 31 ppm for copper is
a >100
within the range of values for soils ( ppm) and rocks 
(55 ppm) (Shima, 1973) . This is also quite close to some 
background figures cited, such as 15-30 ppm for southern 
Lake Michigan bottom sediment (Frye and Shimp, 1973),
48 ppm for near-shore sediments (Riley and Chester, 1971) , 
and 34 ppm for inland sea bottom sediment (Nishimura and
a-sooKumagai, 1974). Meanwhile ppm for lead can be compared
with various figures: 14 ppm in soils (Burkitt et al,
1972), 15 ppm in the earth's crust (Shima, 1973) , 15-30 ppm
in lake bottom sediment (Frye and Shimp, 1973) and 20 ppm
in near-shore sediment (Riley and Chester, 1971). 37 ppm
> 10-300
of zinc seems to be similar to the level of soil ( ppm) 
(Burkitt et al, 1972). However, it is slightly lower than 
the levels found in other environments: 50-100 ppm in lake 
sediment (Frye and Shimp, 1973), 60 ppm in the earth's 
crust (Shima, 1973) and 80 ppm in average shale (Bloxam 
et al, 1972). Iron concentration of 3.4% is not so far 
from 4.83% in the earth's crust and within the range of 
levels in soils (0.5-5.0%). (Buckman and Brady, 1969).
It can be seen from these data that the fluctuation 
of lead and copper concentration is quite small with the 
variations in zinc and iron concentration being somewhat 
larger.
Using the abovementioned background values, the 
evaluations for the observed values in Table 34 were
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carried out. As stated previously, the normalised figures 
were used for this purpose. In the case of cadmium, Stat­
ion 8 gives extremely high value, then Station 9, Station 
6-10, Station 11 and Station 5-11 follow. Though it was 
expected that Station 7-9 might give high value, accurate 
determination was not possible because the portion of 
fraction under 200-mesh was nearly zero. Hence it does not 
seem rational to draw any conclusion from these four data 
for cadmium. An extremely high value of copper was obser­
ved, similarly at Station 8, followed by Station 2, 11 
and Station 5-11. If these anomalous values for Stations 
8, 10 and Station 7-9 are excluded, the average for the 
other figures will be 61 ppm. This is about double of the 
background figure (38 ppm). Similar trend in concentrat­
ion distribution as that of copper can be recognised in the 
case of lead though the level of lead is slightly lower 
than that of copper. The average of 44 ppm is approximately 
three times higher than its background value.
As the average of zinc excluding similarly three ext­
reme values is 222 ppm, it is five times higher than the 
background value. On the iron levels it is interesting 
that the difference between background and observed values 
is rather small (1.6 times). In addition the iron levels 
as a whole, even at Station 8 where the other metal levels 
are exceptionally high, are not as high this time. This 
was obviously due to its abundance in nature and there­
fore, its level is mainly controlled by natural factors
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rather than the factors relevant to human activities.
Gorham and Swaine (1965) have referred to iron levels in 
lake mud, clay and oxidate crust, showing that its level 
ranges from 3.2% to as high as 38.6%.
Heavy metal concentrations in various sediments, as 
obtained by other workers, are shown in Table 36 for ref­
erence. However, it is not feasible to evaluate our 
figures simply by comparing with these because their sampl­
ing conditions are different.
Through all the data a weak trend in which higher 
values appear in the middle part of the lake (Station 11, 
Station 5-11 and 6-11) seems to exist excluding Station 8 
where extremely high values were obtained. This trend 
might be produced as a result of some complicated inter­
actions among the factors involving features of the lake 
bottom, discharging pattern of creek waters, circulation 
of the lake water, inflow of seawater and so on, which are 
responsible for the transport of metals.
It was an unexpected result that Station 7 gave rather 
low value in terms of copper, lead and zinc though the 
Station is located in the northern part of the lake and 
close to Station 8. With the exception of the very high 
metal concentration in Griffins Bay the initially predicted 
distribution pattern of metals such that the stations in 
the northern part of the lake give higher levels than those 
in the souther part was not confirmed because the data for 
Stations 2, 9, 10 and Station 7-9 are not reliable enough 
due to their very low fraction under 200-mesh and because
187




Metal content in the bottom sediment of Lake Illawarra
SAMPLING <200-mesh CONCENTRATION
LOCATION fraction j i g / g  dry mud o'o(%) Cd Cu Pb Zn Fe
ST. 2 13.9 ND 12 (85) 6 (47) 34 (245) 0.9 (6.6)
3 41.1 ND 18 (45) 10 (26) 54 (134) 2.6 (6.3)
4 61.4 ND 34 (55) 18 (29) 86 (140) 4.0 (6.5)
5 56.2 ND 33 (60) 20 (38) 92 (165) 4.9 (9.0)
7 64.1 ND 31 (50) 19 (30) 89 (141) 4.4 (7.0)
8 59.5 4.3 (7.2) 127 (213) 115 (193) 710 (1190) 4.3 (7.2)
9 6.1 0.1 (1.2) 3 (45) 3 (40) 15 (249) 0.2 (3.3)
10 0 ND 1 ND 3 0.1
11 56.4 0.2 (0.3) 41 (73) 31 (55) 159 (282) 4.4 (7.9)
5-11 57.4 0.2 (0.3) 42 (73) 40 (70) 196 (341) 4.9 (8.5)
6-10 70.9 o • U) (0.4) 46 (65) 43 (61) 215 (303) 4.6 (6.5)
7-9 0 0.1 8 10 47 0.7
MEAN 76 [10] 59[10] 319[10] 6.9[10]
61 [ 9 ] 44 [ 9 ] 222 [ 9 ]
RANGE 0-71 ND-4.3 ( -7.2) 1-127 ( -213) ND-115 ( -193) 3-710 ( -1190) 0.1-•4.9 ( -8.5)
[ ] : number of sanples used for calculation of a mean value 
M3 : not detected




Metal content in the deep core samples as background data
m? nTTPTH < 200 mesh ' CONCENTRATION
SAMPLE (m) fraction >tg/g dry mud o, 'o(%) Cd Cu Pb Zn Fe
D-l-1 10-11 71.6 26 (37) 10 (14) 46 (64) 4.3 (6.1)
2 11-12 89.9 23 (26) 10 (11) 40 (44) 4.4 (4.9)
3 13-14 91.0 22 (24) 11 (13) 41 (45) 4.4 (4.8)
4 14-15 95.6 29 (31) 13 (14) 79 (83) 6.3 (6.6)
5 15-16 73.0 ND 34 (47) 19 (26) 47 (64) 5.3 (7.3)
6 16-17 74.0 27 (37) 14 (19) 37 (40) 4.8 (6.5)
7 19-20 85.4 31 (36) 14 (17) 24 (28) 0.9 (1.1)
8 20-21 75.7 35 (46) 10 (14) 27 (35) 1.8 (2.4)
D-2-1 10-11 87.0 20 (23) 13 (15) 16 (18) 1.0 (1.1)
2 11-12 86.8 65 (75) 9 (11) 16 (18) 0.8 (0.9
MEAN 83 - 31 (38) 12 (15) 37 (44) 3.4 (4.2)




Heavy metal concentrations in various sediments
CONCENI’RATION lppmT~ ““ ' : ’ SEDIMENTS & SOURCESCd Cu Pb Zn
9-75 (37) 27-172 (88) 58-519 (206) in top 10 cm sediments of Lake Michigan (Frye and Shimp, 1973)
8-29 (20) 16-48 (20) 22-129 (66) in ail intervals between 15 and 100 cm of Lake Michigan (Frye and Shimp, 1973)
2.1-4.4 18-38 3-51 12-149 in sedimamt cores (0-5 cm) of 7 Wisconsin lakes (Iskandar and Keeney, 1974)
0.2-12.1(2.0) 1-82 (19) 3-140 (28) 6-339 (81) in bottom sediments of Illinois river (Mathis and Cummings, 1973)
(20) (190) (420) (395) in river sediments (25 cm depth) of Swansea (ELoxam et al, 1972)
4-60 (15) 9-47 (29) 5-67 (27) in 59 stream sediments of N..Z. (Brooks and Quin, 1971)
5-122 1-2 18-109 in<200-mesh fraction of unpolluted tidal flat muds (White and Northcote, 1962)
0.3-25 (5) 4-31 (10) 14-139 in<60̂  fractions of top-10 cm inter-tidal area (Hallberg, 1974)
30-50 5-35 or—1A1O00 in top portion of inner basin sediments off the coast of Southern California (Bruland et 
al, 1974)
0.1-1.9 6-235 in moderately polluted estuarine sediments of Texas (Holmes et al, 1974)
1.87 71 82 340 in bottom sediments of Western Baltic Sea * (Erlenkeuser et al, 1974)
0.6-2.2 (1.5) 4-61 (34) 13-64 (43) 42-304 (198)
in slightly polluted bottom sediments of 
Inland Sea in Japan (Nishimura and Kumagai, 
1974)
Figure in parenthesis indicates mean value 
* : The figures were calculated from one core sample.
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a datum for Station 6 is not available due to its sandy 
bottom.
Further, the assumption that all heavy metals concen­
trated exclusively in the fraction under 200-mesh, might 
not be strictly true. Therefore, for more precise estim­
ation of the areal distribution of metals in the lake 
sediments it would seem to be necessary to establish more 
reproducible sampling techniques (e.g. regarding sediment 
depth, type and etc), to increase the number of samples and 
to determine metal contents in different size fractions.
(b) Vertical distribution of metals in sediments
The vertical distribution of metals in the lake 
sediments was investigated. The main aims for this were 
to study the relationship between vertical distribution of 
metals and some historical environmental impacts on the lake 
and to evaluate the present magnitude of metal contamination.
For this purpose a wedge-shaped "box-corer" (Figure 
34) was made so that the sediments could be collected with­
out any noticeable compaction or deformation of the core.
With the help of the Department of Mines, N.S.W. three cores 
were initially taken, with two later cores, a total of 5 
cores were collected and analysed (Figure 20). A sampling 
location for each core was chosen based upon these 
different reasons:
Core 1 (near Kanahooka Point) was collected to examine any 
possible effects of metal contamination from an old copper 
smelter which was operated in Dapto area (1895-1906). .
Core 2 (in Griffins Bay) was sampled to assess the contam­
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ination from an industrial complex in Port Kembla.
Core 3 (in the southern part of the lake) was sampled to 
examine metal levels in a rather remote area from these 
two abovementioned sources. Other than these three cores 
Cores 2-1 and Core 2-2 were collected in the same Griffins 
Bay for further study of a limited area. Namely, Core 2-1 
was taken from the middle part of the bay, while Core 2-2 
was collected from the southern part of the bay.
The metal concentrations for all the core samples 
were determined as described in the "Experimental" chapter. 
When the dried and powdered samples were prepared, all 
shells were removed in advance. The particle size determ­
ination was also carried out in terms of shell-free samples. 
Roy and Peat (1974) have reported that metal content in 
shell was very low.
The analytical results of metal concentrations and 
other relating terms and the calculated results of correl­
ation coefficient among various terms are shown in Table 
37-42, Figure 21-25 and Table 43-47.
Unlike the comparative study of the areal distribut­
ion of metals it is less realistic in the case of vertical 
distribution of metals to normalise all the data and then 
to compare the resultant data with one another since the 
actually observable particle size distribution at a certain 
depth of sediments could be produced under a particular 
environmental condition which might change to great extent 
from time to time. Therefore, the unnormalised data were •
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chiefly used in the following comparison and discussion.
16 sub-samples were taken from Core 1. The fraction 
under 200-mesh ranges from 55.5% to 90.4%. Hence it can 
be considered that this group of samples consists of relat­
ively finer particles. In the determination of cadmium 
reliable results could not be obtained as indicated in the 
Table because its levels were near the detection limit. 
Looking at the general trend of concentration decrease of 
two metals (Cu and Zn) with depth, it is interesting to 
note that their levels drop slightly at 7.5 cm and increase 
again at 10 cm, then they drop rather sharply, especially 
around 20 to 25 cm, eventually they approach constant 
values at 40 to 45 cm, which correspond to the unpolluted 
depth or background levels. In fact the levels of copper 
and lead are quite close to those of the deep cores which 
have been mentioned in the previous section. However, the 
zinc level seems slightly higher than its background. With 
regard to iron there is no distinctive change with depth 
perhaps because of its abundance in nature.
As shown in Table 43 (Appendix 2) strong negative 
correlations between depth and concentrations of copper, 
lead and zinc are observed. Furthermore, it obviously can 
be recognised that there exist strong correlations among 
the combinations of Cd vs Pb, Cu vs Pb and ¿n, and also 
Pb vs Zn. This suggests that the source of some metals 
is identical. Meanwhile, even in the case of normalised 
values, the magnitude of metal concentrations merely
194
Table 37
Vertical distribution of heavy metals in 









/t g/g dry mud (ppm) q.'o
Cd Cu Pb Zn Fe
1 0 55.5 0.2 (0.3) 47 (85) 40 (71) 192 (347) 4.9 (8.7)
2 5 70.9 I'D 44 (63) 38 (54) 198 (281) 4.9 (6.9)
3 7.5 66.4 ND 40 (61) 36 (54) 195 (294) 4.9 (7.3)
4 10 56.3 0.2 (0.4) 44 (78) 42 (74) 200 (356) 4.7 (8.3)
5 12.5 84.3 0.2 (0.2) 40 (47) 36 (43) 188 (224) 4.8 (5.6)
6 15 74.2 0.2 (0.3) 37 (49) 34 (46) 181 (245) 4.7 (6.3)
7 17.5 59.7 0.2 (0.3) 37 (63) 33 (55) 169 (284) 4.7 (7.8)
8 20 86.8 0.1 (0.2) 33 (38) 30 (34) 136 (157) 4.7 (5.4)
9 22.5 90.4 o.i (0.1) 32 (35) 24 (27) 96 (106) 4.7 (5.2)
10 25 74.4 0.1 (0.2) 30 (41) 23 (31) 85 (114) 4.7 (6.4)
11 27.5 81.1 0.1 (0.1) 31 (38) 25 (31) 81 (100) 4.5 (5.6)
12 30 77.4 0.1 (0.1) 30 (39) 23 (29) 82 (106) 4.8 (6.2)
13 35 78.9 ND 30 (39) 16 (21) 76 ( 96) 4.9 (6.1)
14 40 63.4 ND 30 (47) 13 (20) 71 (112) 4.8 (7.6)
15 45 73.7 ND 28 (37) 11 (15) 70 ( 95) 4.6 (6.3)
16 50 74.1 ND 26 (36) 10 (14) 69 ( 93) 4.6 (6.2)
( ) j normalised with fraction under 200 mesh.
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Figure 21
C o r e  1
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becomes double due to muddy characteristics of this sample. 
New occurrence of apparent strong correlations between iron, 
and the three elements, copper, lead and zinc, is interest­
ing and suggests that the iron is enriched in the smaller 
particle size range.
In Core 2 the fractions under 200-mesh range from 8.9 
to 38.3%, that is, this group of samples is quite sandy.
This characteristic is reflected by its relatively low 
figures of ignition loss. It is clearly shown that the 
concentration of all the metals except iron is fairly high 
for the top 5 cm of the sediments and after that it 
decreases sharply to 10 cm of depth, then it drops moder­
ately to 20 cm, eventually approaching to some constant 
levels. When these constant figures under 20 to 25 cm of 
depth are compared with the background figures from the 
deep cores (Cu 31 ppm, Pb 12 ppm and Zn 37 ppm in unnorm­
alised base), as a whole copper and especially lead levels 
appear to be too low. This is probably due to their low 
proportion of finer particle sizes. The presence of wind 
blown sediments of originally marine origin (Roy and Peat, 
1973b), may also be responsible for this trend.
The abundance of shell content in Core 2 would also 
exert a similar influence. In any case 740 ppm of zinc at 
the surface of sediments is thought to be quite high when 
it is compared with the concentration under 20 to 25 cm of 
the sediments. Similarly it is quite so in cadmium, copper 
and lead. Relatively low levels of iron in comparison with
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Table 38
Vertical distribution of heavy metals 










yug/g dry mud (opm ) Q.'O
Cd Cu Pb Zn Fe
1 0 23.9 2.1 (8.7) 66 (275) 92 (383) 740 (3090) 2.3 (9.8)
2 5 24.4 2.0 (8.0) 53 (215) 81 (333) 560 (2280) 2.0 (8.3)
3 10 15.0 0.5 (3.5) 19 (127) 21 (140) 152 (1010) 1.1 (7.5)
4 15 15.6 0.4 (2.3) 18 (117) 18 (116) 136 ( 870) 1.2 (7.8)
5 20 8.9 0.2 (2.5) 12 (139) 5 ( 61) 46 ( 520) 1.1(12.5)
6 25 10.6 0.2 (1.4) 14 (129) 4 ( 34) 29 ( 269) 1.5(14.2)
7 30 27.8 0.2 (0.7) 13 ( 47) 2 ( 9) 24 ( 87) 1.5 (5.4)
8 35 38.3 0.2 (0.4) 13 ( 46) 7 ( 18) 70 ( 184) 1.6 (4.2)
9 40 36.3 ND 14 ( 39) 6 ( 17) 33 ( 89) 1.5 (4.3)
10 45 36.9 0.1 (0.2) 14 ( 38) 3 ( 9) 27 ( 74) 1.5 (4.0)











the other core samples may be due to the lack of finer 
fractions of particles in this sample. If the data are 
normalised, the decrease in the concentration of the 
metals except iron with depth becomes more moderate. The 
maximum values reach as high as Cd 8.7 ppm, Cu 275 ppm,
Pb 383 ppm and Zn 3,090 ppm, which are the highest of all 
the cases.
The correlation coefficients among various terms are 
shown in Table 44. As predicted there are significant 
correlations between depth, and cadmium, copper, lead and 
zinc. Strong correlations among all the metals including 
iron are also observed. An interesting matter is the 
occurrence of correlations between ignition loss and all 
the metals though their relationship is not strong. On 
the other hand in the case of normalised data, iron is 
excluded from the other metals among which strong correl­
ations still exist as before. This exclusion of iron from 
the other metals is explicable if the iron is not only 
retained in the finer fraction under 200-mesh, but also in 
other fractions to considerable extent.
Meanwhile the sample group of Core 3 is fairly similar 
to Core 1 in terms of the .magnitude of the fraction under 
200-mesh and ignition loss. It ranges from 51% to 87.9%.
The levels of the metals except iron (which is higher than 
Core 1 under 17.5 cm depths are generally similar or slight­
ly lower than those of Core 1. They stay constant from 
the top to 7.5 cm of depth and then drop rather sharply to
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Table 39
Vertical distribution of heavy metals in 









/¿g/'g dry mud (ppm) %
Cd Cu Pb Zn Fe
1 0 1 6  A 0.1 (0.2) 47 (61) 33 (43) 174 (228) 4.8 (6.3)
2 2.5 66.1 0.2 (0.3) 44 (67) 31 (46) 167 (252) 4.8 (7.2)
3 5 51.0 0.1 (0.3) 43 (85) 31 (61) 166 (325) 4.7 (9.3)
4 7.5 68.0 0.2 (0.3) 44 (65) 33 (48) 172 (253) 4.9 (7.2)
5 12.5 80.3 0.1 (0.2) 41 (51) 28 (35) 156 (194) 4.8 (5.9)
6 17.5 61.7 0.1 (0.2) 40 (64) 26 (42) 113 (183) 5.2 (8.5)
7 22.5 52.0 0.1 (0.1) 40 (76) 23 (45) 106 (205) 5.2 (9.9)
8 27.5 70.2 0.1 (0.1) 40 (56) 20 (29) 101 (144) 5.2 (7.4)
9 32.5 74.4 ND 41 (55) 22 (29) 101 (135) 5.3 (7.1)
10 37.5 69.5 ND 36 (52) 20 (28) 86 (123) 5.3 (7.6)
11 42.5 77.5 ND 37 (47) 16 (21) 86 (111) 5.2 (6.7)
12 47.5 87.9 ND 37 (43) 15 (18) 84 ( 96) 5.2 (5.9)
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17.5 to 22.5 cm. After that they decrease moderately to 
around 40 cm of depth, approaching constant levels which 
are, with the exception of zinc, close to their background 
levels. The main difference of their decreasing pattern 
in comparison with Core 1 is that metal levels in Core 3 
drop more moderately with depth. Relatively high zinc 
concentration in the lower part of the sediments may be 
due to the effect of land clearing by early settlers.
In any case it is known that zinc concentration in 
sediments of many lakes tends to increase from precultural 
levels (Iskandar and Keeney, 1974). If the metal concen­
trations at the top part are compared with those under 
40 cm of depth, the difference for each metal is respect­
ively 1.3 times for copper and 2 times for lead and zinc. 
These figures are the lowest among all the core samples. 
This suggests that the location for Core 3 is least 
influenced by the metals associated with human activit­
ies, as expected.
If all the data are normalised, there appears a new 
pattern in which the concentration of copper, lead and zinc 
gives maximum values at 5 cm of depth and then drops once 
and again increases at 22.5 cm followed by gradual 
decrease.
Strong correlations between depth and concentration 
of metals are observed as well as the existence of strong 
correlation among almost all metals. In particular, it is 
an interesting fact that the conversion of negative to
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positive or vice versa of the sign for correlation coeff­
icients regarding iron takes place as a result of the 
normalisation of their data. This is obviously reflecting 
the different distribution of iron from other metals in 
particle size fractions (Table 45) .
Core 2-1 was collected around the same location in 
Griffins Bay where Core 2 was sampled (within 50 to 100 m 
because of the difficulty to fix exactly the same location). 
As it is apparent from the distribution of the fraction 
under 200-mesh, this group of samples is sandy and naturally 
gives rather low values for ignition loss. Comparing 
the concentrations of metals in Core 2-1 with those in 
Core 2, it is distinctive that the maximum concentrations 
of Core 2-1 samples are very low as a whole, that is, at 
the depth of 5 to 10 cm the concentrations of all metals 
become almost constant. The figures in this constant 
range are so low that by normalising them the levels of 
metals just approach to the background levels of the deep 
core samples. The possible loss of a part of sediments 
might be one reason for these generally low levels since 
when this particular core was collected, a lot of water 
remained above the top of the sediments and then was simply 
discharged.
Alternatively, it is possible that this coring site 
may be close to an old drainage channel which formerly 
linked this bay to the ocean near Port Kembla. This link 
was closed off approximately 30 years ago by landfill '
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Table 40
Vertical distribution of heavy metals 









/tg/g dry mud (ppm) o'oCd Cu Pb Zn Fe
1 0 21.9 0.8 (3.7) 25 (114) 29 (132) 172 (790) 1.0 (4.6)
2 2 19.7 0.3 (1.5) 15 ( 76) 11 ( 56) 68 (345) 0.9 (4.6)
3 4 19.3 0.2 (1.0) 13 ( 67) 6 ( 31) 38 (197) 1.0 (5.2)
4 6 26.6 0.1 (0.4) 12 ( 45) 4 ( 15) 26 ( 98) 1.0 (3.8)
5 7 26.9 0.1 (0.4) 11 ( 41) 3 ( ID 22 ( 82) 1.0 (3.7)
6 8 27.2 0.1 (0.4) 11 ( 40) 6 ( 22) 34 (125) 1.0 (3.7)
7 9 23.5 ND 11 ( 47) 4 ( 17) 23 ( 98) 1.0 (4.3)
8 10 26.2 0.1 (0.4) 19 ( 73) 3 ( ID 29 (111) 1.0 (3.8)
9 11 23.2 ND 10 ( 43) 3 ( 13) 20 ( 86) 1.0 (4.3)
10 12 23.5 <0.1 (< 0.4) 9 ( 38) 2 ( 9) 16 ( 68) 1.0 (4.3)
11 13 25.7 <0.1(<0.4) 11 ( 43) 3 ( 12) 18 ( 70) 1.0 (3.9)
12 15 30.4 <0.1(<0.3) 12 ( 39) 3 ( 10) 22 ( 72) 1.1 (3.6)
13 17 29.3 <0.1(<0.3) 13 ( 44) 2 ( 7) 21 ( 72) 1.1 (3.8)
14 20 31.2 ND 12 ( 38) 3 ( 10) 25 ( 80) 1.1 (3.5)
15 25 27.8 0.1 (0.4) 13 ( 47) 2 ( 7) 19 ( 68) 1.1 (4.0)
16 30 34.9 <0.1 (<0.3) 12 ( 34) 2 ( 6) 19 ( 54) 1.1 (3.2)
17 35 31.3 0.1 (0.3) 12 ( 38) 3 ( 10) 22 ( 70) 1.1 (3.5)
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placed immediately south of Warrawong. When tidal scour­
ing stopped, very rapid infilling would occur, as has been 
observed west of the Windang Bridge following partial 
closure of the entrance channel. When tidal scouring was 
present, metal accumulation rates would be expected to be 
much lower. The difference between the metal concentrat­
ion of the top part in this core sample and that of the 
lower part are approximately 8 times for cadmium, 2 for 
copper, 10 for lead and 8 for zinc respectively. It- is 
also characteristic that the concentration of iron is quite 
low, ranging from 0.9 to 1.1%. Reflecting rather sharp 
drop of metal levels with depth, the’correlations between 
depth and all the metals but iron are poor in comparison 
with the other cases as a whole. However, once the data 
are normalised, the correlations among these metals become 
more significant (Table 46). ■
Core 2-2 was collected from very soft sediments at 
the location situated in the southern part of the middle . 
of Griffins Bay, about 100 m from the shore of Primbee..
The muddy characteristics of this group of samples is shown 
by the data on the fraction under 200-mesh. A fraction , 
under 200-mesh which is around 20% or less than that does 
not appear until as deep as 45 cm from the top. High 
content of weed debris in this core was observed when 
it was collected. This is obviously responsible for the 
high figures in ignition loss or organic material. The 
concentration of cadmium, lead and zinc gives their maxim—
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Table 41
Vertical distribution of heavy metals 








/ i q / a dry mud (ppm) ao
Cd Cu Pb Zn Fe
1 0 58.6 2.7 (4.6) 118 (201) 107 (183) 780 (1330) 3.7(6.3)
2 2 73.1 2.9 (4.0) 111 (152) 107 (146) 790 (1080) 3.7(5.1)
3 4 68.6 3.3 (4.8) 101 (147) 113 (165) 840 (1220) 3.8(5.5)
4 6 73.3 3.4 (4.6) 103 (141) 114 (156) 860 (1170) 3.9(5.3)
5 7 68.2 4.1 (6.0) 95 (139) 107 (157) 960 (1410) 3.5(5.1)
6 8 74.6 4.0 (5.4) 89 (119) 109 (146) 1,000 (1340) 3.4(4.6)
7 9 60.6 5.4 (8.9) 97 (160) 131 (216) 1,240 (2050) 3.4(5.6)
8 10 57.9 5.6 (9.7) 95 (164) 126 (218) 1,150 (1990) 3.2(5.5)
9 11 70.7 5.2 (7.4) 92 (130) 123 (174) 1,190 (1680) 3.3(4.7)
10 12 74.1 4.4 (5.9) 86 (116) 94 (127) 710 ( 950) 3.4(4.6)
11 13 63.4 3.1 (4.9) 76 (120) 77 (121) 440 ( 690) 3.3(5.2)
12 15 82.9 1.2 (1.4) 60 ( 72) 50 ( 60) 134 ( 162) 3.3(4.0)
13 17 70.2 1.4 (2.0) 76 (108) 62 ( 88) 113 ( 161) 3.2(4.6)
14 20 82.8 1.3 (1.6) 72 ( 87) 53 ( 64) 104 ( 126) 3.0(3.6)
15 25 82.7 0.6 (0.7) 53 ( 64) 23 ( 28) 72 ( 87) 2.7(3.3)
16 30 67.4 0.2 (0.3) 41 ( 61) 11 ( 16) 58 ( 86) 2.8(4.2)
17 35 60.0 ND 33 ( 55) 8 ( 13) 53 ( 88) 2.7 (4.5)
18 40 41.4 ND 21 ( 51) 5 ( 12) 33 ( 79) 1.6(3.9)
19 45 20.2 0.1 (0.5) 7 ( 35) 3 ( 15) 12 ( 59) 0.6(3.0)











um values at the depth of 10 cm and drops sharply to around 
15 cm, especially in the case of cadmium and zinc, while 
lead decreases rather moderately from that depth. Differ­
ent from these metals, copper gives its maximum at the top 
and its level gradually drops down to 45 cm though its 
fluctuation between 5 and 17 cm is fairly large. One of 
the major differences of this core from Core 2 and Core 2-1 
is that high metal concentration occurs even in the 
comparatively deep part of the core (20-25 cm) . The maxim­
um values of metal concentration are observed as Cd 
5.6 ppm, Cu 118 ppm, Pb 131 ppm and Zn 1,240 ppm. These 
are the highest in all the unnormalised data. If they are 
compared with the background values of the deep core 
(Cd 0.1 ppm, Cu 31 ppm, Pb 12 ppm and Zn 37 ppm), their 
differences are 56 times for cadmium, 4 for copper, 11 for 
lead and 34 for zinc respectively. The concentration of 
iron shows its maximum at the depth of 4 to 6 cm and 
gradually drops down to 35 cm, followed by acute drop from 
35 cm to 45 cm. However, this drop of iron concentration 
seems to be due to the drop in the magnitude of the fract­
ion under 200-mesh, different from the cases of the other 
metals. If all the data are normalised, the concentration 
of all metals increases by approximately 17 to 90% depend­
ing on their quantity of the fraction under 200-mesh.
One of the interesting matters concerning the correl­
ation among the various terms is the occurrence of strong 
relationship between ignition loss and all metals, in
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Table 42
SAMPLE i g n :[TION LOSS (%)
NO. CORE 1 CORE 2 CORE 3 CORE 2-1 CORE 2-2
1 12 6 13 4 25
2 14 7 11 2 21
3 12 3 14 2 23
4 12 3 16 3 24
5 12 3 14 3 23
6 14 7 14 3 21
7 14 4 15 2 23
8 12 3 14 2 24
9 11 3 13 3 23
10 11 3 13 2 20
11 11 3 10 3 19
12 12 13 3 21
13 12 3 20
14 11 3 23
15 13 3 18





MEAN 12 4 13 3 18
RANGE 11-14 3-7 10-16 2-4 2-25
211
Table 43
Correlation coefficient - Core 1
No. of sample : 16 
UNNORMALISED
DEPTH I.LOSS Cd Cu Pb Zn
I.LOSS -.275
Cd -.556# .200
Cu -.930 / .357 .478
Pb - . 9 1 2 " .335 .634^ . 9 2 1
Zn -.906" .505 .549* . 9 3 9 ^ .94]/
Fe -.397 .085 -.247 .480 .272 .341
NORMALISED
DEPTH I.LOSS Cd Cu Pb Zn
I.LOSS -.275
Cd -.579^ .232
Cu -.748^ .309 .588^
Pb -.935^ .338 .706/ .927/
Zn -.855^ .463 .639/ .936^ .969/
Fe -.394 .222 .400 .883/ .677/ .716/
Significance level \// 1%; 2.5%; # 5%
I.LOSS : Ignition loss
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TABLE 44
Correlation coefficient - Core 2
No. of sample 
UNNORMALISED
: 11
DEPTH I.LOSS Cd Cu Pb Zn
I.LOSS ».532
Cd -.776^ .667 #
Cu -.713^ .640 # .983^
Pb -.765^ .637 # .994^ .991^
Zn -.764^ .619 # .988^ .996^ .995^
Fe ».277 .641 # .770^ .842^ .780^ .793^
NORMALISED
DEPTH I.LOSS Cd Cu Pb Zn
I.LOSS -.532
Cd -.867^ .648 #
Cu -.892^ .685^ .957^
Pb -.847^ .610 # .990^ .932^
Zn -.846^ .593 .985^ .941^ .995^
Fe -.524 .570 .387 .614# .297 .314
Significance level : //1%; #2.5%; # 5%
I.LOSS : Ignition loss
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Table 45
Correlation coefficient - Core 3
No. of sample : 12 
UNNORMALISED
DEPTH I.LOSS Cd Cu Pb Zn
I.LOSS -.303
Cd - . 9 3 l "  .346
Cu -.911" .227 .817^
Pb -.980^ .363 .913^ .915^
Zn -.947^ .253 .92l/ .926^ .962^
Fe .850^ -.118 - . 8 6 2 ' ' -.808^ -.837^ -.942^
NORMALISED
DEPTH I.LOSS Cd Cu Pb Zn
I.LOSS -.303
Cd -.9u/ .366
Cu -.687^ .401 .758^
Pb -.871^ .430 .898^ .935^
Zn -.902^ .346 . 9 3 7 " .866^ . 9 7 0 "
Fe -.192 .367 .322 .811^ .597 # .434
Significance level : / / 1%; 2.5%; # 5%
I.LOSS : Ignition loss
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Table 46
Correlation coefficient - Core 2-1
No. of sample : 18 
UNNORMALISED
DEPTH I .LOSS Cd Cu Pb Zn
LOSS .441
Cd -.389 .265
Cu -.323 .193 r̂CO•
Pb -.485# .237 .97]/ .842^
Zn -.447 .257 .977^ • 00 .996^
Fe .735> .634^ -.062 .111 -.103 -.053
NORMALISED
DEPTH I .LOSS Cd Cu Pb Zn
I. LOSS .441
Cd -.438 .204
Cu -.578^ -.051 .924^
Pb -.511* .186 .98C/ .916^
Zn -.496 .187 .985 ̂ .929 M .998/̂
Fe -.694 M -.441 .611^ .730^ .639 .635/̂
Significance level i // 1%; -tf- 2.5%; # 5%
I.LOSS : Ignition loss
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Table 47
Correlation coefficient - Core 2-2
No. of sample : 20 
UNNORMALISED
DEPTH I. LOSS Cd Cu Pb Zn
I.LOSS -.942^
Cd -.782^ .729#
Cu -.984^ .930^ .808^
Pb -.912^ . 8 3 7 ^ .948^ .936^
Zn ~ . 7 7 7 ff .686^ .958^ • CO .947^
Fe - . 9 3 8 " .948^ .648^ .9l/ . 7 8 2 " .632/
NORMALISED
DEPTH I. LOSS Cd Cu Pb Zn
I.LOSS -.942^
Cd -.744^ .694^
Cu -.84l/ .742^ .812^
Pb -.858^ .778^ .953^ .935^
Zn - . 1 3 7 ^  .653^ .96]/ .854^ .959^
Fe -.395 .284 .489# .767-̂  .608^ .58(/
Significance level : // 1%; #  2.5%; # 5%
I.LOSS : Ignition loss
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addition to the other correlations between the metals which 
are similar to the other cores. This suggests that the 
organic materials which existed in the various forms such 
as weeds or sediment dwelling organisms have been assoc­
iated with the metal accumulation in the process of the 
formation of sediments. Considering the softness and 
fluidity of the sediments, some uncertain points in regard 
to its vertical distribution of metals in this core can be 
pointed out, these are, if this sediment has stayed at 
the same location all the time for as long as 80 to 100 
years in the past, if the layer of the sediments is accur­
ately reflecting the historical change of the surrounding 
environment and if the sediment has not been influenced 
by horizontal migration of metals by such a mechanism as 
the flow of fluid mud along the top part of sediments from 
the direction of the adjacent land. In addition it is 
apparent that the sedimention rate at this locality is 
quite high, with a large component of decayed plant mater­
ial .
3.6 Sedimentation rate
If it is assumed that Core 1 and Core 3 have been 
influenced by both the copper smelter situated in Dapto 
and the industrial complex in Port Kembla, the sedimentat­
ion rate for Core 1 and Core 3 can be calculated as 2.5­
3.2 mm/year by connecting the year 1895 when the smelting 
commenced and 20-25 cm of the depth in Core 1 and Core 3 
at which noticeable increase of metal concentration starts.
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Meanwhile if it is assumed that Core 2, Core 2-1 and Core 
2-2 have been effected mainly by the industrial complex 
because of their close distance to it, the mean sediment­
ation rate for at least Core 2 can be calculated as 2.3-3.1 
mm/year by equating the year 1910 (when E.R.& S. commenced 
operations) to the break at 15 cm - 20 cm or 1.1-2.1 mm/ 
year by equating the break at 5-10 cm with the commencement 
of A.I.& S, in 1928. A reasonable estimate of the mean 
sedimentation rate in this area is thus ~ 2.5 mm/year. For 
reasons given above, Core 2-1 is difficult to interpret 
reliably.
The markedly different vertical distribution pattern 
of metals and high levels of metal concentration for Core 
2-2, compared with Core 2 and Core 2-1, seems to be assoc­
iated with its soft and voluminous nature of the sediments, 
high organic content and its rather peculiar environmental 
conditions such as shallow depth, stagnant water circulat­
ion, high nutrient input from the nearby land and so on.
Unlike the other two cores from this bay for which the 
trend for all four metals are parallel in the top part of 
the sediment, this core shows a continuous increase in 
copper concentration, a slight fall in Pb from 10 cm to 
the surface and very strong falls in zinc and cadmium 
over the same interval. Since aerial fallout could not 
fluctuate so widely over such a short distance these 
variations must be ascribed to biological fractionation 
or some other feature of this near-shore sedimentary
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environment.
An alternative explanation for the occurrence of this 
rather peculiar pattern of Core 2-2, especially in upper 
part of the core, is the secondary mobilisation of metals 
involving organic substances pointed out by Lee (1970).
From the examination of these three cores it has eventually 
become apparent that even relatively slight differences in 
sampling location can give rise to quite big differences 
in the characteristics of sediments and the distribution 
pattern and relative concentrations of metals.
3.7 Metal/metal ratios
In order to identify probable sources of metals from 
the obtained data, an analysis of metal/metal ratios was 
carried out.
The Zn/Cu ratio of Core 2, Core 2-1 and Core 2-2 are 
far greater than those of Core 1 and Core 3 and increase 
at the surface. A similar trend is found on Core 2, Core 
2-1 and Core 2-2 for Cd/Cu (though the cadmium values of 
Core 1 and Core 3 have a large relative error since they 
are near the detection limit). This suggests that the 
input of zinc to the lake is greater than input of copper 
and that the zinc and cadmium co-occur. The Zn/Cd ratios 
are comparatively constant for the top layer of three 
samples (Core 2, Core 2-1 and Core 2-2) from Griffins Bay. 
The observed ratio of 190-350 can be compared with the 
normal Zn/Cd abundance ratio of 260 for zinc ores 
(Johnstone and Johnstone, 1961).
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The Zn/Cu ratio of our sediment samples is high comp­
ared with soil samples taken by Beavington (1973). Many 
of these soil samples were taken close to the E.R.& S. 
(Electrolytic Refining & Smelting Co.) and A.I.& S. smelter 
and were heavily contaminated by particulates blown from 
the copper concentrate stockpiles. Since both E.R.& S. 
and A.I.& S. are situated outside the watershed for Griffins 
Bay, such contamination would be much less marked in our 
samples.
Zinc and cadmium are much more volatile than copper 
and when released in finely divided form from industrial 
stacks would be expected to be dispersed more widely than 
copper.
The ratio Cu/Pb falls towards the surface on all five 
samples, being least on those from Griffins Bay, i.e. input 
of lead is increasing at a greater rate than copper input.
The leaded gasoline is probably, to a considerable extent, 
responsible for this especially with the heavy reliance on 
cars for transport in the Illawarra.
The Cd/Pb ratio is much higher at Griffins Bay than 
elsewhere. This suggests that the source of cadmium is 
different from the source of lead. It could be concluded 
that most of the zinc and cadmium in the lake sediments 
comes from the steelworks operations.
3.8 Heavy metal content of some organisms
To examine if there is any difference in metal content 
of organisms which live in sediments one location to another,
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Table 48
Heavy metals in benthic organisms
Shellfish (a) : soft tissue of Velacumantus australis
Shellfish (b) : soft tissue of Soletellina donacioides
Shellfish (c) : whole body of Nassarius~SpT
G : Griffins Bay 
B : Be van's Island
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the concentration of cadmium, copper, lead and zinc in 
small prawns (Macrobrachium intermedius), worms (Nereis 
diversicolor) and three different kinds of shellfish 
(Velacumantus australis, Soletellina donacioides, Nassar- 
ius Sp.), which were collected either in Griffins Bay or 
near Bevan's Island, was determined by A-A carbon rod 
technique. The former location was chosen as a contamin­
ated area, and the latter as a relatively less contamin­
ated area. As shown in Table 48 rather distinctive 
differences in their concentrations, especially on lead 
and zinc between two sample groups were obtained though 
the result should be regarded as just preliminary test 
figures because of the very small number of determinations. 
It has been proved that shellfish contained fairly large 
amounts of zinc as a whole, followed by worms and that the 
maximum difference of zinc content in shellfish sample (c) 
between Griffins Bay and Bevan's Island reached as high 
as a factor of 3.6. Lead content was also enriched in 
worms and shellfish from Griffins Bay but not in prawns. 
These data suggest that the level of metals in sediments 
directly influences the metal concentrations in some 
benthic organisms.
3.9 Conclusion
On areal distribution *
* To compare all data, it was essential to normalise 
them.
* Differences between mean metal concentration
222
(from 9 different locations in the lake) and 
their background concentration were respectively 
2 times for copper, 3 for lead and 5 for zinc.
* Metal levels at Station 8 (in Griffins Bay) are 
extremely high compared with others.
* A weak trend that high metal level tends to take 
place in the middle of the lake was found, 
however with the exception of Station 8, it was 
not confirmed that stations located in the 
northern part of the lake give higher values 
than those in the southern part do, unlike 
initial predictions.
On vertical distribution *
* As expected the location for Core 3 has been 
least influenced by metal contamination, followed 
by Core 1. However, Griffins Bay for Core 2,
Core 2-1 and Core 2-2 is highly contaminated 
with the metals presumably brought by the 
adjacent industrial complex.
* Slight difference in sampling location can cause 
fairly large differences in vertical distribution 
profile of metals due to the presence of weed 
growth, particle size variations, etc.
* The sedimentation rate in the lake was estim­
ated as 2 - 3.5 mm/year.
* The vertical profile of heavy metals in Core 2-2 
seems to be influenced by the high organic
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content of this sediment.
k The occurrence of iron is different from the 
other metals and is controlled by geological 
factors rather than by human influence.
* The zinc levels tend to increase from rather 
early stage somewhat before the start of metal 
smelting industries.
* The depth of 40-50 cm appears to be a turning 
point which corresponds to the beginning of 
human activities around the lake.
* Bioturbation (disturbance of sediment by burrow­
ing benthic organisms) probably causes a 
significant smearing out of heavy metal profiles.
* The increase of lead in sediments seems to be 
related principally to the increase in leaded 
gasoline consumption.
* The main source of zinc and cadmium seems to be 
the steelworks.
* Regarding metal concentration in organisms, it 
has been shown that the higher the concentration 
of metal in sediment, the higher the metal 
concentration in certain benthic organisms 
especially on lead and zinc.
* It is considered that heavy metal profiles in 
sediment cores will most closely reflect the 
establishment of metal smelting centres when the
cores are taken from areas which are
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1) free of weed growth (i.e. a water depth>
2 metres in the case of a turbid lake such 
as Lake Illawarra)
2) free of vertical stratification by particle 
size, mineral composition and organic content.
These conditions will obviously be more readily 
met in a lake which is both larger and deeper than
Lake Illawarra.
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4• An evaluation of the Miller method for D.O, analysis 
4.1 Introduction
In choosing a technique for the measurement of 
dissolved oxygen we had the following criteria in mind:
1) accuracy, 2) speed and simplicity and 3) portability 
of apparatus. A method suited to use in the field was 
thought particularly desirable so that local anomalies 
could be further investigated as soon as detected, The 
relative merits of many techniques which have been devel­
oped for the measurement of dissolved oxygen in water have 
been discussed in a number of recent reviews (Foehrenbach, 
1971, 1972, 1973, 1974). Of these many techniques 
the D.O. probe, the Winkler method and the Miller method 
seemed best able to meet the above criteria. Since a D.O. 
probe and meter were not available to us, the choice was 
between the two chemical methods of analysis.
The Miller method was developed as a rapid field 
technique requiring a minimum of reagents and apparatus. 
Although the method has been widely used in Canada 
(Thomas, 1953; DeLaporte, 1920) and Japan (Shibata, 1934; 
Mori et al 1969; Matsue, 1969) as a field method, it has not 
found general acceptance despite its speed and simplicity. 
This may be due in part to uncertainties associated with 
uptake of oxygen during titration, contributing to a relat­
ively low precision. A proper appreciation of the relat­
ionship of the present work to that of earlier workers 
requires an account of the development of the alkaline
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Fe(II) titration (the Miller Method).
The method is based on the oxidation of Fe(II) to Fe
(III) by dissolved oxygen and has been studied in some 
detail by a number of workers (DeLaporte, 1920; Shibata, 
1934; Mori et al 1969; Matsue, 1969). The earliest refer­
ence to this method is a paper by Linossier (1891). He 
used a 500 ml flask (Figure 26) with a stopcock in its 
lower portion and a two-hole rubber stopper placed in the 
neck of it. The flask contained 400 ml of mercury. A 
Mohr's burette filled with a standard solution of ferrous 
sulphate was connected through one hole of the stopper 
and a tap funnel to introduce the water sample through the 
other. The determination was carried out as follows: into 
the flask were introduced 20 ml of sodium hydroxide solut­
ion (33g NaOH/100 ml), 20 ml of 20% solution of potassium 
sodium tartrate (Rochelle salt) and a drop or two of an 
alcoholic solution of phenosafranine, then a standard 
ferrous sulphate solution was added until the rose colour 
of the indicator was just discharged. A 50 ml aliquot of 
the water sample was introduced by means of the funnel 
which caused an equal volume of the mercury to be dischar­
ged from the lower cock. The colour of the indicator 
reappeared and the sample was then titrated with the 
standard ferrous solution until the colour was discharged 
again. Agitation during the titration was accomplished 
with the mercury in the flask. A second determination was 





introducing a further 50 ml water sample and titrating it. 
Successive determinations could be performed until the 
whole of the mercury has been displaced by water samples.
Miller (1914) adapted Linossier's alkaline Fe(II) 
titration to field use by using a 100 ml Nessler cylinder 
with 5 ml of alkali-tartrate solution and a drop of 
aqueous phenosafranine solution (1:2000) being added to 
the 50 ml water sample. The titration was carried out 
with a standardised ferrous sulphate solution (0.22 g 
FeSO^ and 1 ml cone. I^SO^/lOO ml) by means of a graduated 
pipette whose end was kept below the surface of the water 
sample which was stirred gently with the pipette itself.
DeLaporte (1920) introduced methylene blue as indic­
ator instead of phenosafranine and replaced ferrous sulph­
ate with ferrous ammonium sulphate. The major difference 
in this modification from that of Miller (1914) is that a 
paraffin layer was used to limit atmospheric oxygen exch­
ange. The water sample was introduced into a 100 ml test 
tube together with 5 ml of a3.kali-tartrate (120 g NaOH and 
346 g tartrate/1) and 3 drops of methylene blue (1.0 g/1). 
Stirring was performed with a stainless steel wire loop.
Shibata (1934) also published a method similar to 
that of DeLaporte (1920) (called the Shibata-Miller method).
The disadvantage that the end point of the titration 
was not clear when the method was applied to seawater was 
pointed out. He used 5 ml of alkaline-tartrate solution 
(100 g NaOH and 350 g tartrate/1) for a 50 ml water sample. 
Methylene blue was used as the indicator.
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Mori et al (1969) examined the interference of metal 
ions on the method proposed by Shibata (1934) and found 
that Ag+ , H g C u ^ + , Ba^+ and Cr^+ increased the titrat­
ion value by about 5% when present in concentrations of
2+ 2+10, 5, 5, 60 and 5 mg/1 respectively, and that Mn , Fe
2+ . and Sn reduced it by about 10% when present m  concent­
rations of 15, 10 and 3 mg/1 respectively. He concluded 
that it was not possible to apply this method to such 
heavily polluted water as industrial effluent.
Walker et al (1970) compared the analytical results 
obtained by the Miller method (as modified by DeLaporte, 
1920) when applied to water samples from saline lakes with 
those obtained by the Winkler method. He showed the Miller 
method gave reproducible values even if the concentration 
of carbonate in the sample was quite high and also sugg­
ested that the addition of EDTA might prevent formation 
of a precipitate due to the reaction which would take 
place between tartrate reagent and calcium ions in the
24-sample when its concentration was ca.200 meq Ca /1°
In order to overcome errors associated with uptake 
of atmospheric oxygen during the Miller titration, we have 
devised a simple apparatus suitable for both field work 
and laboratory use (Figure 27) (Thistlethwayte et al,197 3). 
It consists of a conical flask of 300 rru. capacity and a 
10 ml graduated burette. These are connected by ground 
glass joints so that the water sample can be isolated 
completely from the atmosphere. A capillary side arm and
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bulb holds the water sample displaced when the joints are 
connected and when the standardised ferrous titrant is 
added. Stirring is achieved by a magnetic stirrer (Ellis 
and Kanamori, 1973a). The apparatus could be further 
adapted by inserting electrodes for the measurement of 
redox potential and/or pH through the wall of the flask.
The results obtained with this apparatus have enabled us 
to locate a previously unsuspected source of error (Ellis 
and Kanamori, 1973b) and to explain certain observations 
made by previous workers (Linossier, 1891; Miller, 1914).
4.2 Isolation of variables and sources of error 
Having eliminated entry of atmospheric oxygen as a
source of error, we proceeded to examine each of the foll­
owing variables and possible sources of error:
1) the absolute concentration of sodium hydroxide and 
sodium potassium tartrate in the water being titrated
2) the salinity of the water sample
3) the stability and optimum pH of the ferrous titrant
4) the ratio of sodium hydroxide to sodium potassium 
tartrate
5) the indicator.
4.3 Concentration of sodium hydroxide and sodium potass­
ium tartrate
Using seawater samples, the Miller and Winkler methods 
were compared using different additions of NaOH/NaK tartrate 
(3:2 w/w). As shown in Table 49, variations of the concen­
tration of the alkaline tartrate reagent had a profound
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Table 49
Comparison of Miller and Winkler oxygen data 
















1.0 8.07 7.90 102.2 12.48
0 2.0 7.97 7.90 100.9 12.59
3.0 . 7.71 7.82 98.6 12.83
1.0 7.86 8.35 94.1 10.37
2.0 7.99 8.33 95.9 11.98
8.8 4.0 8.15 8.35 97.7 12.61
6.0 7.96 8 .37 95.2 12.86
8.0 7.69 8.37 91.9 13.00
2.0 6.28 6.61 95.1 10.43
4.0 6.50 6.53 99.6 12.18
17.6 6.0 6.37 6.56 97.2 12.53
8.0 6.05 6.54 92.5 12.71
10.0 5.69 6.54 87.0 12.85
4.0 5.92 6.36 93.1 10.66
26.4 6.0 6.44 6.42 100.3 12.118.0 6.45 6.33 101.9 12.45
10.0 5.94 6.29 94.5 12.68
4.0 6.46 7.19 89.8 10.65
6.0 7.25 7.19 100.8 12.26
35.2 8.0 7.35 7.17 102.5 12.6010.0 7.12 7.14 99.7 12.79
12.0 6.75 7.14 94.7 12.85
14.0 6.52 7.14 91.5 12.96
S : salinity* Alkaline tartrate reagent : 300 g NaOH + 200g NaK tartrate/1
# + 0.05 (Miller) and +0.03 (Winkler) ; n = 3 
Volume of water sample : 289 ml.
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effect on the measured Miller D.O. value compared with 
the Winkler value. This is clearly related to changes in 
pH. When the pH increased above 12.6, the Miller value 
showed progressively larger negative deviations. Below 
pH 12.2 the same effect occurred and in addition, for 
pH's below 10.5, the end point became very uncertain. The 
colour of the indicator was discharged, but reappeared 
after a short time. This suggested that equilibrium was 
being reached very slowly. This conclusion is supported 
by theoretical calculations using the rate equation of 
Stumm and Morgan (1970), which shows that the rate of the 
oxidation increases by a factor of 100 for unit increase 
in pH:
_ d[Fe_(II)_]_ _ k[Fe(II)] [ OH-]2 Po,
where k = 8.0 (¿2.5) x 1013 mirw1 atuw1 mol. at 20°C.
Using this equation, we can calculate the reaction 
rate under given conditions. For example, if the concent­
ration of Fe2+ solution near the end point is 8.65 x 10 6M 
(corresponding to 1/100 of 5 ml of 0.05 M Fe solution in 
the 289 ml sample volume), and if pH and Po2 are 12.5 and 
6.19 x 10~"* atm. (corresponding to 1/100 of saturation for 
dissolved oxygen in water at 20°C) respectively, the rate 
of conversion from Fe(II) to Fe(III) becomes 4.28 x 10 mol/ 
min. When the pH is 11.5, it becomes 4.28 x 10 1 mol/min. 
When the pH is 10.0, it becomes 4.28 x 10 4 mol/min.
2 +Therefore, when one drop (about 0.03 ml) of 0.05 M Fe
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solution is added into 289 ml of the water sample near the 
end point of pH 10.0, the time required to convert this 
quantity of Fe(II) into Fe(III) will be 5.19 x 10“4/4.28 x
10  ̂ = 1.2 mins.
The general trend of a large negative deviation at pH
11 declining to a very small value at pH 12.2 - 12.6 and 
rising again to a large negative deviation at higher pH's 
may be explained in part by reference to the phase diagram 
of Pourbaix (1966) (Figure 28). At pH 12.5 there is an in­
flexion created by the intersection of the phase boundary 
lines for HFeO^/Fe(OH)* (positive slope) and HFeC^/FeO^ 
(negative slope). The present system is admittedly more 
complex, due to the presence of tartrate ions in addition
to hydroxide ion, but the general analogy would still appear 
justified. Since the optimum pH lays in the range 12.2-12.6, 
the use of calcium hydroxide rather than sodium hydroxide 
to establish this pH was suggested. A saturated solution 
of calcium hydroxide at. 25°C has a pH of 12.54 (Bates and 
Gary, 1961). In practice, while the desired pH was estab­
lished by the addition of a slight excess of solid calcium 
hydroxide, the experimental D.O. value was 20% higher than 
the Winkler value. This discrepancy was attributed to 
adsorbed and occluded oxygen on the calcium hydroxide pow­
der. The addition of the calcium hydroxide as an oxygen 
free slurry would be possible but unwieldy and this approach 
was not explored further.
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Figure 28
Domains of relative predominance 
dissolved species of iron
pH
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4.4 Salinity of water samples
The salinity of water samples is an important var­
iable insofar as seawater is buffered against pH change 
in the alkaline area. The concentration of Mg2+ and Ca2+ 
in seawater is 1,350 and 400 mg/1 respectively (Fair­
bridge, 1966). In the absence of tartrate ions, magnesium 
will begin to precipitate as Mg(OH)^ above pH 9 (Figure 29) 
and above pH 12.5, calcium will precipitate as CaiOH^ 
(Stumm and Morgan, 1970). Both of these reactions will 
inhibit an increase in pH proportional to the quantity of 
sodium hydroxide added. Their effect will be reduced, but 
not eliminated, by the competitive complexing of tartrate 
ion with these two cations . Hence, as shown in Table 49, 
different volumes of alkaline tartrate reagent must be 
added to the water sample, depending on its salinity, in 
order to achieve the optimum pH for the FeillJ/O^ titration 
The optimum volume of the alkaline tartrate solution 
(for a 289 ml water sample) is calculated from the relation 
ship:
VA = 0.17S + 2.0
where VA = optimum volume of alkaline tartrate (ml)
S = salinity of the water sample 
(%o) (for fresh water, S=0 and 
VA = 2.0 ml)
This formula is the equation for the line of best fit 
through vertical lines (Y-axis) representing the permiss­
ible range of volumes of alkaline tartrate reagent which
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Solubility of MgO, Mg(0H)2 
and Ca(OH)i
Figure 29
7 8 9 10 11 12 13 14 15 16
A: water saturated with Mg(0H)2 
B : // // // MgO
C : // // // Ca(0H)a
238
Figure 30
Equation to give the optimum 
volume of alkali-tartrate solution
Alkali-tart. soln.-.(300g NaOH+200gNaKtartrate)/!itre 
Voi. of water sample: 289ml
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could be added to water samples of salinity 0, 25, 50, 75, 
and 100% seawater respectively (X-axis) so as to retain 
close agreement (-5%) with Winkler D.O. values for the same 
samples (Figure 30). The graph was constructed using the 
data in Table 49 and the slope and intercept determined by 
a linear least squares regression analysis program.
4.5 Stability and optimum pH of ferrous titrant 
Miller (1914) reported that the acidified ferrous
sulphate solution used in his procedure was oxidised to 
the extent of less than 0.7% in one month when freely expos­
ed to atmospheric oxygen. Depending on the D.O. of the 
water sample and the [Vê *| of the titrant, the acid cont­
ent of this reagent could have a significant effect on the 
final pH of the solution at the end of a D.O. titration. 
Singer and Stumm (1968) have measured the dependence of 
the oxidation rate on pH for the pH range 1-7 (Figure 31). 
The rate of oxygenation of ferrous ion levels out at pH 3 
and so a ferrous solution of this pH will be as resistant 
to oxidation as one of lower pH. In practice, a ferrous 
titrant of pH 2 did not significantly alter the pH of the 
treated water sample (Table 50).
4.6 Ratio of sodium hydroxide to sodium potassium tartrate 
The primary function of the tartrate ion is to supp­
ress the precipitation of ferric hydroxide which would 
otherwise occur in this highly alkaline medium. Further­
more, studies on the oxidation of Fe(II) in brines have 
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Effect of alkali-tartrate concentration on titre
2+s SAMPLE ALKAL.T. Fe soin. pH(%o) VOLUME VOLUME VOLUME
(ml) (ml) (ml) 1 2
8.8 289 2.0 0 12.15, 12.15289 2.0 5.0 12.07, 12.16
17.6 289 4.0 0 12.39, 12.40289 4.0 5.0 12.34, 12.35
26.4 289 6.0 0 12.50, 12.49289 6.0 5.0 12.51, 12.49
35.2 289 8.0 0 12.63, 12.63289 8.0 5.0 12.63, 12.62
S : salinity; ALKAL.T. : alkaline tartrate solution 
(300 g NaOH + 200 g sodium potassium tartrate/litre) ; 
2+Fe^ soin. : 0.048 N
Table 51









200 100 3.22 12.44
200 200 3.16 12.46
200 300 2.95 12.49
200 400 2.92 12.50
100 200 * 10.97
200 200 3.16 12.43
300 200 3.15 12.66
400 200 3.09 12.77
* : pH too low for distinct end point. 10 ml of alkaline 
tartrate was used for 289 ml of seawater in each case.
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tartrate, the reaction is non-stiochiometric with a — 20%
2+excess of Fe being needed to remove all of the D.O.
(Bond and Bernard, 1952). This may be due to Fe(II) being 
adsorbed on or trapped within the ferric hydroxide floe.
In seawater the tartrate ion will also chelate with 
calcium and magnesium ions, suppressing the formation of 
the respective hydroxides and thus raising the pH of the 
resultant mixture. This is clearly evident in Table 51, 
which shows the ferrous titre and the final pH when sea­
water samples are treated with 10 ml volumes of alkaline 
tartrate reagent containing varying proportions of sodium 
hydroxide and sodium potassium tartrate. Since a clear 
end point was obtained for seawater samples when the alkal­
ine tartrate reagent contained 300 g of sodium hydroxide 
and 200 g of sodium potassium tartrate per litre, this was 
the ratio selected for the present work.
4.7 Indicator
The redox potential of the phenosafranine indicator 
used is pH dependent and can be calculated from the 
equation (Kolthoff and Stenger, 1942)
[l ]
E = E +0.03 log 'fj °'X~Y  +' °*03 log([H+]3 + K j H 4̂] 2+ Kr2 1) 
° L redJ
where Kr is the ionization constant of the reduced form
— 5 -6(at 30°C, E = +0.28V, 3<rl = 1.1 x 10 and Kr2= 1.7 x 10 ) 
By setting at 1/9 and substitution of the
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appropriate values in the above equation, it can be shown 
that a change in pH from 12.0 to 12.8 causes a change of 
only 0.02 V in the redox potential of the indicator and 
thus any errors in the ferrous titre due to this cause are 
negligible compared with other sources of error. The same 
change in pH causes a fall of 0.024 volts in the e.m.f. 
of the methylene blue which can be calculated from the 
equation (Kolthoff and Stenger, 1942).
[Iox]E = E +0.03 log ---— ---0.03 pH
° [Irea>
Ideally, the Eq of the indicator should be close to 
the mean of the standard e.m.f's of the two half cell 
reactions (Moeller, 1959) which in alkaline solutions are
4 0H~ 02 + 2H20 + 4e EQ = -0.401 V
OH~ + Fe(OH)2=^Fe(OH)3 + e Eq = +0.560 V
The standard e.m.f's of the indicators are +0.22 for methy­
lene blue and + 0.28 for phenosafranine (Kolthoff and 
Stenger, 1942). Hence both indicators have their Eq close 
to the mean of the half cell potentials (+ 0.08 V) and 
should therefore be equally suitable. Experimentally it 
was found that the methylene blue gave slightly less 
distinct end points, especially in seawater, and so pheno­
saf ranine was used throughout.
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4.8 Treatment of experimental data
The equation for the reaction of Fe(II) with molecul­
ar oxygen in alkaline solution is:
4Fe(OH)2 + °2 + 2H20 ---—  4Fe(OH)3
Therefore, the concentration of dissolved oxygen is calcul­
ated from the following expression:
where
[0 2 ] M x VV - Vw a
M = molarity of ferrous solution 
V = volume of ferrous solution (ml)
V = volume of water sample (ml) w
V = volume of alkaline tartrate(ml) a
[02] = concentration of dissolved oxygen (mg/1)
A correction should be applied for the excess oxygen 
supplied by the dissolved oxygen of the ferrous solution 
compared with the oxygen loss caused by displacement of 
water sample by the addition of ferrous solution. This 
correction is quite significant if the water sample is far 
below saturation. The correction is calculated in the 
following way:
2+ .Oxygen added = Volume of Fe solution added
2+  •x [02] of Fe solution 
2 +Oxygen lost = Volume of Fe soln. added x 0.5 x
initial [02] i-n water sample
Error = Oxygen added - oxygen lost.
If the initial [03] in the water sample is taken as equal
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to the Winkler D.O. value, the error will be of the form:
Error =
where t°2]Fe




= concentration of D.O. in ferrous 
solution (mg/1)
= initial concentration of D.O. (Winkler 
value)(mg/1)
Vw = volume of water sample (ml)
Va = volume of alkaline tartrate (ml)
V = volume of ferrous solution (ml)
The coefficient 0.5 assumes a uniform decline in the 
[O2] of the water sample from its initial value to zero 
at the end of the titration.
The correction is about 10% of the uncorrected Miller 
value when the concentration of D.O. is 1.5 mg/1 and it 
decreases to as low as 1% when the D.O. concentration is 
6.0 mg/1 although the exact figures depend also on the 
strength (and hence volume) of ferrous solution consumed 
in the titration.
In the present work, since Winkler D.O. values were 
available for all samples, these were used for [02] in the 
expression above. A computer program (Appendix 3) was 
written for use in calculating corrected D.O. concentrat­
ions .
In the absence of an independent measure of the
can use the uncorrected [0o] obtained directly fromz wone
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the alkaline Fe(II) titration. Using an iterative proced­
ure (Appendix 3a) whereby the correction calculated using 
the Miller 3 substituted back into the formula
used to calculate the correction, rapid convergence occurs 
so that the same correction factor is obtained as when the 
Winkler [Ĉ l use<3* A typical example of this calcul­
ation is given in the appendix.
Having noted the temperature and atmospheric pressure, 
the i^2^Fe^+ s found hy calculating the salinity of the 
ferrous titrant and consulting published solubility tables 
(Carpenter, 1966; Green and Carritt, 1967; Murray and Riley, 
1969; Weiss, 1970).
To estimate the variance of experimental data in 
the Winkler method, five samples of water were taken at 
regular intervals (one sample per hour) from a 20 litre 
polyethylene bottle containing 25% seawater previously 
saturated by bubbling moist air through it for approxim­
ately 12 hours. The mean D.O. of the five samples was 
8.35 mg/1 with a standard deviation of 0.015 mg/1. The 
temperature of the solution changed slightly from 21.2°C 
to 21.8°C during the determinations.
Meanwhile the mean of 10 determinations by the Miller 
method was 9.91 mg/1 with a standard deviation of 0.01 mg/1 
when it was applied to a fresh water sample saturated with 
oxygen in the same way as before.
In comparison with previous applications of the alka­
line Fe(II) titration of dissolved oxygen, the present
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work achieves significant improvements in both accuracy 
and precision.
Linossier (1891) found that the first and second 
titrations gave significantly lower D.O. values than sub­
sequent titrations of aliquots drawn from a given water 
sample. This observation can now be explained as pH effect 
successive additions of water sample and ferrous titrant 
would progressively lower the pH of the solution in the 
titration flask. Linossier (1891) attempted to overcome 
this error by taking a mean of the second and subsequent 
titrations only. Even so, a precision of + 5% would be the 
best that could be achieved.
By using the titration apparatus developed in this 
project, the alkaline Fe(II) titration is capable of 
achieving an accuracy comparable with that of the Winkler 
method. Table 49 shows a comparison of the two methods 
for a wide range of D.O. concentration and salinity. The 
Winkler method is not without its own sources of error, 
which have been discussed by Carpenter (1965) . The main 
sources of error were shown to be: (1) air oxidation of 
iodine (2) volatilisation of iodine (3) oxidation contri­
buted by reagent contaminants (4) a difference between 
the titration end point and the true equivalence point. 
Strict control of all these variables made an accuracy of 
0.1% possible; without any such controls the accuracy may 
be reduced to 3-5%.
A source of error common to both methods is the
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sampling procedure. If the sampling vessel is filled by 
means of siphoning with overflow as in the present work, 
an error of up to 2% may be introduced, particularly if 
the D.O. of the water is far below saturation (Carpenter, 
1965). The flasks used in our comparison of the Miller 
method and the Winkler method were both of similar volume 
and the procedure used to fill them was identical. Our 
comparison of these two methods is thus not likely to be 
affected by sampling errors, particularly as the respect­




All reagents used in this project were A.R. grade.
BDH standard solutions were used for heavy metal 
analysis by A.A.
Distilled, deionized, double distilled (from quartz) 
water was used to prepare aqueous reagents.
All temperatures are expressed in degrees Celsius.
2. Sampling locations
(a) Water samples
10 sampling stations were established in the lake with 
the precaution that the parameter being monitored would not 
be subjected to short term fluctuations due to tidal action 
as mentioned under 1.2 Establishment of monitoring stations 
in Hydrology of Lake Illawarra (P.13).
Figure 32 shows the location of each sampling station 
in the lake while Table 52 shows the grid references of the 
sampling stations and their depth.
(b) Mud samples .
Surface mud samples in the lake sediment were collected 
by means of a dredger at the sampling stations as for the 
water samples except for station 6 where the sampling was 
not successful since the sediment was sand. Further samples 
were collected from three other locations in the lake by 
using a dredger.
Besides these samples, 5 core samples were collected 
at the locations shown in Figure 20 by using a wedge-shaped 
box corer which gave uncompressed mud samples.
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Two deep core samples from the lake bed were collected 
and supplied to us by Department of Mines, N.S.W. (1973).
3. Sample collection
(a) Water samples
Surface lake water samples for the determination of 
salinity, nitrate and phosphate were collected from 20-30 
cm below the water surface. Bottom lake water samples for 
the same determination were collected by dropping the dis­
placement sampler (Figure 33) to the bottom of the lake and 
by keeping it there until bubbling finally ceased.
(b) Mud samples
The sample collected by a drag dredger could repres­
ent combined characteristics of the mud layer which ranges 
from the sediment surface to approximately as deep as 20 cm
In case of the core sample, a wedge-shaped corer 
(Figure 34) constructed entirely of stainless steel to elim 
inate heavy metal contamination of the mud samples, was 
pushed into the mud until the top of the mud reached as 
close as an enclosed top of the corer. After sealing the 
corer by inserting the front plate, it was withdrawn and 
raised carefully to the surface. Then the sediment was 
sampled in 2 cm wide strips at the top, 2.5, 5.0, 7.5,
10.0 cm and subsequently at 5.0 cm intervals down to about 
50 cm.
The total number of samples per core was 11-20. Each 
strip of the sample was placed in a plastic container and 













4• Measurement of water temperature
Determination of temperature in surface water was 
carried out using a full immersion type mercury thermometer 
(0-50 C, +  0.1°C) held 20-30 cm below the water surface. 
Bottom water temperature was determined using water samples 
taken by the displacement sampler.
5. Measurement of salinity
Water samples used for the determination of chlorinity 
were collected in 70 ml screw top plastic containers. An 
aliquot (5 ml) was diluted with distilled water (50 ml) in 
a 150 ml beaker and titrated with 0.2 M silver nitrate sol­
ution using an autoburette (Radiometer ABU 11) and titrator 
(Radiometer TTT 1C). A mercurous sulphate reference elect­
rode (Radiometer, Type K 601) and a silver ion selective 
electrode (Radelkis OP-S-7112-C) were used to detect the 
end point. The silver nitrate solution was standardised by 
titration with 0.300 M sodium chloride solution. For 
water of salinity 35°/00 a standard deviation of 0.02°/oo was 
obtained (n = 5).
Various forms of salinity were calculated from these 
original data by a computer as shown in Appendix 4.
6. Determination of phosphorus
Water samples for phosphate determination were coll­
ected in 1 litre iodine treated polythene bottles (Heron, 
1962) and were immediately frozen with dry ice and stored 
in a deep freeze until analysed. After thawing, the sample 
was analysed for soluble inorganic phosphorus and for
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soluble total phosphorus by the colorimetric method of 
Major et al (1972), which is based on methods originally 
developed by Murphy and Riley (1962), Heron (1962) and 
Strickland and Parsons (1968). For the measurement of 
phosphate phosphorus, the water sample was filtered through 
a 0.45^« membrane filter; for the measurement of total phos­
phorus, the water sample was filtered through a No. 541 
Whatman filter paper (to remove suspended solids) and the 
filtrate treated with potassium persulphate to convert all 
phosphorus species to orthophosphate (Menzel and Corwin, 1965)
The phosphate content was determined by the modified 
single solution method as already mentioned above, using 
a standard addition technique to correct for salinity 
effects.
(a) Reagents
* Molybdate solution (3.0% w/v of ammonium para- 
molybdate)
* Sulphuric acid solution (2.5 M)
* Ascorbic acid solution (5.4% w/v)
* Potassium antimonyl tartrate solution (0.136% w/v)
* Mixed reagent: This was prepared by mixing 
together 100 ml ammonium molybdate, 250 ml sulphur­
ic acid, 100 ml ascorbic acid and 50 ml potassium 
antimonyl tartrate solution
* Standard phosphate solution (l,000^ug PO^- P/l) 
from potassium dihydrogen phosphate.
(b) Procedure for the determination of phosphate phos­
phorus
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The mixed reagent (10 ml) was added to the filtered 
water sample (100 ml) (0.45 jx membrane filter) and the 
mixture shaken to mix well. After 10 minutes and within 
2-3 hours, the absorbance of the solution at 885 nm was 
measured using a 10-cm cell and an HITACHI recording spect­
rophotometer (Model EPS-3T).
(c) Procedure for the determination of total phosphorus
100 ml of the water sample (filtered through a No.541 
Whatman filter paper) was treated with 1 g of potassium 
persulphate and heated in a boiling water bath for 1 hour. 
After cooling to room temperature, the volume was adjusted 
to 100 ml with distilled water. The subsequent analytical 
procedure followed that for phosphate-phosphorus as ment­
ioned above.
In regard to precision of this analytical method the 
following estimates have been given (Armstrong, 1965).
Mean phosphate phosphorus yxg P/l 15.5 31.0 62
Coefficient of Variation * -10% - 5% -3-5%
* : (ST.D./MEAN) x 100
7. Determination of nitrate nitrogen
Pfitzl and Reiter (1960) has suggested the use of cad­
mium for the reduction of nitrate in seawater. Afterward 
the method has been modified by the following workers: 
Morris and Riley (1963) , Grasshoff (1964), Strickland and
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Parsons (1965) and Wood et al (1967). The method proposed 
by Wood et al (1967) was used for the determination of 
nitrate nitrogen in this project.
Water.samples for nitrate determination were collected 
in a 500 ml glass bottle and was analysed immediately, or 
else the sample was kept at 2-4°C in a refrigerator and it 
was determined at least within 6 hours. The nitrate was 
reduced to nitrite by passing the water sample through a 
reducing column (25 cm in length) (Figure 35) packed with 
copperized cadmium fillings which was prepared according 
to the literature (Wood et al, 1967). The reagents and 
procedure were as follows:
(a) Reagents
* Sulphanilamide solution (1% w/v in 1.2 N HC1)
* N-(1-napthyl)-ethylendiamine dihydrochloride 
solution (0.1% w/v)
* EDTA solution (0.1 M)
* Nitrate standard solution (1,000 j tg N/ml from KNO^)
* Column washing solution (0.002 M EDTA in 0.0015 N 
HC1)
(b) Procedure
The water sample was filtered through a 0.45jjl m.filter 
and the filtrate (100 ml) was treated with EDTA solution 
(2 ml) and passed through the reducing column to reduce 
nitrate to nitrite. The flow rate was adjusted at about 1 
drop per second with the metering value. The first 30 ml 





for the subsequent colourisation.
Sulphanilamide solution (2 ml) was added to the coll­
ected solution and mixed thoroughly. After 2-8 minutes, 
the dihydrochloride solution (2 ml) was added. After wait­
ing at least 10 minutes for the colour to develop fully, 
the absorbance at 543 nm was measured using a 10-cm cell 
and an HITACHI recording spectrophotometer (Model EPS-3T)
To avoid the possible fluctuation of colourisation 
due to changes in salinity etc. a standard addition method 
was always used. For a concentration level of 14.0 NO^ 
-N/l, the standard deviation'for ten samples was reported 
to be 0.56 jJiq NO^-N/1 (4.0% in coefficient of variation) 
when a 10-cm cell was used (Wood et al, 1967).
8. Determination of heavy metals in mud samples
The method proposed originally by Oliver (1973) was 
used for the determination of heavy metals (Cd, Cu, Pb, Zn) 
in mud samples. To confirm its suitability for Lake Illa- 
warra mud, some preliminary tests were carried out using
mud samples from the lake.
Table 53 summarises the relationship between the 
results by the acid extraction methods in three different 
heating times and those obtained by the total digestion 
method of Bear (19 64) .
Eventually it was decided to use acid extraction with 
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Lat : Latitude 
Long: Longitude
Table 53
Heavy metal recoveries from different digestion
procedures__________________( Aq/q dry nufl)
HEATING TIME REAGENT Cd Cu Pb Zn
2 hours HNO-HC1 3.7 119 132 690
4 " h 4.5 126 139 730
12 " h 4.5 120 142 730
2 hours HNO-3HC104
3.9 122 135 690
4 " h 3.9 132 144 780
12 " 1! 4.0 122 136 . 750___
total digestion method 4.3 127 115 710
A mud sample fran Griffins Bay was used as a standard 
Each figure is a mean of 3 runs
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(a) Preparation of mud samples
A thawed mud sample was dried at 105°C in an oven until 
it solidified and its colour turned black-brown to grey- 
white. Then it was carefully ground in a mortar. The 
powdered sample was again dried at 105°C in the oven until 
a constant weight was reached then kept in a glass container 
with a plastic lid.
(b) Measurement of ignition loss
1 - 2.00 g of the powdered mud sample in a silica 
crucible was ignited at 550-600°C for approximately 1 hour 
in an electric furnace.
(c) Extraction of metals from mud samples
1 - 2.00 g of the powdered mud sample (unsieved) was 
placed in a 50 ml pyrex test tube and 25 ml of the mixed 
acid (4.0 M HNC>3, 0.7 M HC1) was added and mixed. Then it 
was heated at 85 - 90° in a boiling water bath for 4 hours. 
After adjustment of the solution level in the test tube 
with distilled water, it was filtered through a Whatman No. 
542 into a test tube. The acid extract was analysed for 
cadmium, copper, lead, zinc and iron using a VARIAN-TECTRON 
AA-6D atomic absorption spectrophotometer. In all cases 
a hydrogen continuum lamp was used to correct for the 
effect of non-atomic absorbance on total absorbance, this 
correction was appreciable especially in the case of cadmium 
and lead. The calibration curve was mainly used to calcul­
ate concentration of each metal in the extracted solution, 
but in the case of cadmium the standard addition method
was used.
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The precision of this analytical procedure was 
investigated in regard to each metal. The result was as 
follows:
Cd Cu Pb Zn
Mean concentration, ŷ g/g mud (dry) 3.89 124 124 730
Standard deviation, jig/g mud (dry) 0.055 0.70 3.24 7.7
Coefficient of Variation, % -1.4 -0.6 -2.7 - 1.0
n = 5
(d) Measurement of particle size
Analysis of particle size distribution for the powder 
ed mud samples was carried out by wet sieving, using four 
sieves (36, 72, 100 and 200 mesh). Each fraction was 
washed off and was dried at^l00°C under nitrogen before 
weighing.
9. Determination of heavy metals in some organisms
Each sample (wet base, prawn 2.0-3.Og, worm 4.5g, 
shellfish (a) 4.0g, shellrish (b) 4.4g, and shellfish (c)
6.0g, see p.219) was mixed with nitric acid (MERK, Supra— 
pur 65%) (3.0 - 7.0 ml) in a 25 ml test tube and was
heated gently for 24-48 hours until all tissue was comp­
letely destroyed. After the sample was diluted to 10 ml 
with distilled water, it was filtered through a WHATMAN 
No. 541 filter paper. Then the filtrate was analysed for 
heavy metals by A-A carbon rod technique. The result was
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calculated from calibration curves which were prepared by­
using standard metal solutions.
+The precision of this analytical procedure was -5-10%.
10. An evaluation of the Miller method for D.O. analysis 
(a) Reagents
* Alkaline tartrate: 300g of sodium hydroxide and 
200g of sodium potassium tartrate were dissolved in 
freshly distilled, deoxygenated water and the soiut- 
ion was made up to one litre.
* Phenosafranine: 0.lg of phenosafranine was 
dissolved in 100 ml of distilled water.
* Ferrous ammonium sulphate: 20g of ferrous ammon­
ium sulphate hexahydrate was dissolved in 100 ml of 
distilled water containing 1 ml of cone, sulphuric 
acid. The solution was diluted to 1 litre and stand­
ardised every three days with potassium dichromate 
according to a standard procedure (Amer. Pub. Health 
Ass., 1971).
(b) Procedure
Chlorinities were determined by titration with silver 
nitrate using a Radiometer autotitrator and Radelkis solid- 
state silver ion selective electrode. pH measurements were 
made with a Radiometer Type G 202B/HK high pH electrode and 
a Radiometer scale expanded pH meter. Oxygen was determ­
ined at 21°C on water drawn from 5 litre containers. Oxy­
gen content was adjusted by drawing a stream of nitrogen 
through the water. Samples were drawn into the titration 
apparatus (for the Miller method) or B.O.D. bottles by
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siphoning with overflow. For each sample of D.O. concen­
tration, Winkler determinations were run before and after 
drawing the Miller samples to verify the homogeneity of 
the container water. The oxygen content did not vary sig­
nificantly during the time required for the Miller titrat­
ions. The seawater used had a salinity of 35.2°/00 and was 
diluted with distilled water to 75, 50 and 25% of seawater 
The titration flask and burette were calibrated 
gravimetrically with distilled water at 20°C. The burette 
delivered 9.05 ml (-0.01, n = 5) between the zero and 9.00 
ml graduation marks. The volume of water held by the 
titration flask was determined by placing the magnetic 
stirrer bar in the flask, blocking the side arm with plast 
icine and weighing the flask empty and then filled with 
distilled water with the burette assembly in place. The 
contained volume of water was 289.0 ml (-0.2 ml, n = 5) . 
Winkler analyses were according to the American Public 
Health Association (1971).
The Miller titrations were carried out as follows:
The titration flask was filled with the water sample 
by siphoning with overflow, care being taken to avoid 
entrainment of air. The optimum volume (p. 236 ) of the 
alkaline tartrate solution was added near the bottom of 
the flask. A few drops of the indicator solution were 
added in a similar manner using a capillary pipette and 
the burette assembly containing the ferrous solution 
inserted into the neck of the flask, care being taken not
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to trap any air bubbles. The magnetic stirrer was started 
and the water sample titrated with the ferrous solution 
rapidly at first, then slowly towards the end point until 
the pink colour was discharged and a pale yellow colour 
persisted for about one minute.
11. Turbidity measurement
The water sample of known volume (in the range 500 to 
1000 ml) was collected in a polyethylene bottle and passed 
through a pre-weighed 0.45yti membrane filter (diameter,
47 mm) and the filter and precipitate washed with distilled 
water until salt free. The filter was kept over silica gel 
in a desiccator at room temperature for more than 12 hours 
until the weight of it was constant. The concentration of 
suspended matter was calculated from the difference in 
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Program used for the determination of various 
coefficients in harmonic analysis
C KANAMORI CURVE FITTING
DIMENSION X(50),Y(50)




























ASUM1=ASUM1+Y (I) *COS (BM*X (I) )
ASUM2=ASUM2+Y (I) *COS (2.0*BM*X (I) )
ASUM3=ASUM3+Y (I) *COS (3.0*BM*X (I) )
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ASUM4=ASUM4+Y (I) *COS (4.0*BM*X (I))
BSUM1=BSUM1+Y (I) *SIN (BM*X (I))
BSUM2=BSUM2+Y (I) *SIN (2.0*BM*X (I))





















51 FORMAT (1R0.22HRESULTS OF CALCULATION///)
WRITE(6,52) YMEAN .
52 FORMAT (1H0,8HY MEAN =F10.1/)
WRITE(6,53) A1,A2,A3,A4




















A typical example of programs used for the calculation 
of correlation coefficients.
Appendix 2
C KANAMORI CORR. COEFF. OF H.METAL 15/12/75
DIMENSION K(30) ,A(30) ,B(30) ,C(30) ,D(30) ,E(30) ,F(30) 
DIMENSION G(30) ,H(30) ,P (30)




IF (N) 102,102,103 
103 CONTINUE
DO 10 1=1,N
10 READ 7,K(I) ,A(I) ,B(I) ,C(I) ,D(I) ,E(I) ,F(I) ,G(I) ,H(I) ,P (I)
7 FORMAT( )




CU (I) =100.0*G (I) /SF (I)
ZN(I)=100.0*H(I)/SF(I)
20 FE (X) =100.0*P (I) /SF (I)

































































DO 50 1=1,N 
X(I)=PB(I)






















SXY=SXY+X (I) *Y (I)
199 SXSQ=SXSQ+X(I)*X(I)
DEN=PN* SXSQ-SX* * 2 
A&=(PN*SXY-SX*SY) /DEN 
U= (SXSQ*SY-SX*SXY) DEN





C C KANAMORI CALCULATION OF CORRECTED MILLER VALUE 
DIMENSION CONM(30) ,VOIM(30) ,FPPM(30) ,CORRI(30)
DIMENSION CORR2 (30)£ORR3 (30) ,COKR4 (30) ,CORR5 (30) 
DIMENSION APPM(30) ,BPPM(30) ,CPPM(30) ,DPPM(30) ,EPPM(30)
1 READ,I
IF(20-1)2,2,3 
3 READ, VOLAL, TEMPW 
READ,CONM(I) ,VOIM(I)






CORFU (I) =VOLM (I) * (SOLOT-0.5*FPIM (I)) / (289.0-VOLAL) 
APPM(I) =FPPM (I) -CORRl (I)
CORR2 (I) =VOIM (I) * (SOLCT-0.5*APPM (I)) / (289.0-VOLAL)
BPPM (I) =FPPM(I) -CORR2 (I)
CORR3 (I) =VOIM (I) * (SOLOT-0.5*BPPM (I)) / (289.0-VOLAL)
CPPM (I) =FPPM (I) -CORR3 (I)
CORR4 (I) =VOLM(I) * (SOLCT-o.5*CPPM (I)) / (289.0-VOLAL)
DPPM(I) =FPPM (I) -CORR4 (I)
CORR5 (I) =VOLM(I) * (SOLCT-O.5*DPFM (I)) / (289.0-VOLAL) 
EPPM(I)=FPPM(I) -CORR5 (I)
PRINT 50
50 FORMAT (5X,37HCALCULATION OF CORRECTED MILLER VALUE////) 
PRINT 60,1
60 FORMAT (20HMJMBER OF EXPERD4ENT,19X,I3//)
PRINT 61,VOLAL
61 FORMAT (26HVOLUME OF ALKALI SOLN (ML) ,11X,F5.2//)
PRINT 62,TEMPW
62 FORMAT(26HTEMPERATURE OF SAMPLE ( C) ,11X,F5.1//)
PRINT 63,CONM(I)
63 FORMAT(26HCONC OF FERROUS SOIli (MOL) ,9X,F7.4//)
PRINT 64,VOIM(I)
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64 FORMAT (26HHTRATION VOLUME (ML) ,1]JC,F5.2////////) 
PRINT 65
65 FORMAT(28HRESULT OF CALCULATION (PPM)////)
PRINT 66
6 6 FORMAT (3HRUN, 15X, 3H1ST, 4X, 3H2 ND, 4X, 3H3RD, 4X, 3H4TH, 
14X,3H5TH//)
PRINT 67 ,FPPM(I) ,FPPM(I) ,FPPM(I) ,FPPM(I) ,FPPM(I)
67 FORMAT(12HUNCORR D.O.,2X,5F7.3//)
PRINT 68, CORR1 (I) ,CORR2 (I) ,CORR3 (I) ,CORR4 (I) ,CORR5 (I)
68 FORMAT(lOHCORRECTION,4X,5F7.3//)






CALCULATION OF CORRECTED MILLER VALUE
Appendix 3a
NUMBER OF EXPERIMENT 1
VOLUME OF ALKALI SOLN (ML) 2.00
TEMPERATURE OF SAMPLE ( C) 21.0
CONC OF FERROUS SOLN (MOL) .0098
TITRATION VOLUME (ML) 5.44
RESULTS OF CALCULATION (PPM)
RUN 1ST 2ND 3RD 4TH 5TH
UNCORRD D.O. 1.486 1.486 1.486 1.486 1.486
CORRECTION .147 .148 .148 .148 .148
CORRD D.O. 1.339 1.338 1.338 1.338 1.338
NUMBER OF EXPERIMENT 2
VOLUME OF ALKALI SOLN (ML) 2.00
TEMPERATURE OF SAMPLE ( c) 21.0
CONC OF FERROUS SOLN (MOL) .0196
TITRATION VOLUME (ML) 7.08
RESULTS OF CALCULATION (PPM)
RUN 1ST 2ND 3RD 4TH 5TH
UNCORRD D.O. 3.868 3.868 3.868 3.868 3.868
CORRECTION .156 .158 .158 .158 .158
CORRD D.O. 3.712 3.710 3.710 3.710 3.710
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A typical example of programs used for the calculation 
of various forms of salinity.
C KANAMORI SALINITY INVESTIGATION ON LAKE ILLAWARRA
DIMENSION AG (50) /TAG (50) ,VW(50) ,OW(50)
DIMENSION IOC(50,20),DPTH(50,20),TW(50,20),8(50,20),B(50,20) 
DIMENSION CHLS (40,20) ,CHLB(40,20) ,SALS (40,20) ,SALB(40,20) 
DIMENSION SLAV(40,20) ,SLRAT (40,20) ,SLDIF(40,20)
DO 2 1=1,25
READ(5,10) ,AG(I) /TAG(I) ,VW(I) ,DW(I)
10 FORMAT ( )
DO 2 J=l,ll




WRITE (6,50) AG (I) ,VAG(I) ,VW(I) ,DW(I)
50 FORMAT(1H ,F10.4,2F10.2,F15.5//)
DO 3 J=l,ll






FM= (AG (I)/169.874 9)/VAG (I)
DO 4 J=l,ll 






CHLS (I, J) =CLS/iAMS 
CHLB (I, J) =CLBAMB 




SLAV (I, J) = (SALS (I, J) +SALB (I, J)) /2.0 
SLDIF (I, J) -SALS (I, J) -SALE (I, J)
SLRAT (I, J) -SALS (I, J) /SALE (I, J)
4 CONTINUE 
DO 5 1=1,25 
WRITE (6,53)
WRITE(6,54)
53 FORMAT(1H ,3HEOC, 2X,7HSALSURF,2X,7HSALBOTT,2X,7HSALAVER)




WRITE(6,56) IOC (I,J) ,SALS(I,J) ,SALB(I,J) ,SLAV(I,J)
WRITE(6,58) SLDIF(I,J),SLRAT(I,J),TW(I,J)
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